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ABSTRACT 


The  oxidation  of  refractory  borides,  graphites  and  JT  composites, 
hypereutectic  carbide-graphite  composites,  refractory  metals ,  coated 
refractory  metals,  metal  oxide  composites,  and  iridium  coated  graphites- 
in  air  was  investigated  over  the  spectrum  of  conditions  encountered  during 
reentry  or  high  velocity  atmospheric  flight,  as  well  as  those  employed 
in  conventional  furnace  tests.  Elucidation  of  the  relationship  between 
hot  gas/cold  wall  (HG/CW)  and  cold  gas/hot  wall  (CG/HW)  surface  effects 
in  terms  of  heat  and  mass  transfer  rates  at  high  temperatures  is  a 
principal  goal. 

Furnace  oxidation  results  in  flowing  a^r  at  0.9  tg  7.2  ft/sec  for  times 
up  to  four  hours  at  temperatures  between  1150  and  4200  F  are  presented 
for  30  candidate  materials  including  the  refractory  borides,  carbides, 
boride  composites,  boride-graphite  composites  (JTA),  JT  composites, 
carbide-graphite  composites,  pyrolytic  and  bulk  graphite,  PT  graphite, 
coated  refractory  metal/alloys,  oxide-metal  composites ,  oxidation- 
resistant  refractory  metal  alloys  and  coated  graphites.  Temperature 
limits  for  coated  materials,  viscous  flow  of  metal-oxide  composites  and 
effects  of  cyclic  heating  and  cooling  exposures  are  repgrted.  Regults  are 
presented  for  exposures  in  flowing  argon  between  3000  and  4200  F.  These 
data  are  complemented  by  the  results  of  oxygen  pickup  and  gas  analysis  tests 
on  JT  composites,  silicide  coated  tungsten  and  a  series  of  binary  and  ternary 
iridium-base  alloys  which  were  heated  by  induction  in  oxygen-helium  mix¬ 
tures  flowing  at  0.2  ft/sec.  Failure  conditions  were  established  for  the  sili¬ 
cide  coating  on  tungsten  at  oxygen  partial  pressures  of  0.031  and  0.20 
atmospheres. 


This  abstract  is  subject  to  special  export  controls,  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  the  Air  Force  Materials  Laboratory  (MAMC),  Wright  - 
Patterson  Air  Force  Base,  Ohio  45433. 
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INTRODUCTION  AND  SUMMAR  Y 


A.  Introduction. 

The  response  of  refractory  materials  to  high  temperature 
oxidizing  conditions  imposed  by  furnace  heating  has  been  observed  to 
differ  markedly  from  the  behavior  in  arc  plasma  "reentry  simulators, " 

The  former  evaluations  are  normally  performed  for  long  times  at  fixed 
temperatures  and  slow  gas  flows  with  well-defined  solid/ gas -reactant/ 
product  chemistry.  The  latter  on  the  other  hand  are  usually  carried  out 
under  high  velocity  gas  flow  conditions  in  which  the  energy  flux  rather 
than  the  temperature  is  defined  and  significant  shear  forces  can  be  en¬ 
countered.  Consequently,  the  differences  in  philosophy,  observables, 
and  techniques  used  in  the  "material  centered"  regime  and  the  "envir¬ 
onment  centered,  reentry  simulation"  area  differ  so  significantly  as  to 
render  correlation  of  material  responses  at  high  and  low  speeds  diffi¬ 
cult  if  not  impossible  in  many  cases.  Under  these  circumstances, 
expeditious  utilization  of  the  vast  background  of  information  available  in 
either  area  for  optimum  matching  of  existing  material  systems  with 
specific  missions  or  prediction  and  synthesis  of  advanced  material  sys¬ 
tems  to  meet  requirements  of  projected  missions  is  sharply  curtailed. 

In  order  to  progress  toward  the  elimination  of  thiB  gap,  an 
integrated  study  of  the  response  of  refractory  materials  to  oxidation  in 
air  over  a  wide  range  of  time,  gas  velocity,  temperature  and  pressure 
has  been  designed  and  implemented.  This  interdisciplinary  study  spans 
the  heat  flux  and  boundary  layer-shear  spectrum  of  conditions  encountered 
during  high-velocity  atmospheric  flight  as  well  as  conditions  normally  em¬ 
ployed  in  conventional  materials  centered  investigations.  In  this  context, 
significant  efforts  have  been  directed  toward  elucidating  the  relationship 
between  hot  gas/cold  wall  HG/CW  and  cold  gas/hot  wall  CG/HW  surface 
effects  in  terms  of  heat  and  mass  transfer  rates  at  high  temperatures,  so 
that  full  utilization  of  both  types  of  experimental  data  can  be  made. 

The  principal  goal  of  this  study  is  the  coupling  of  the  material 
centered  and  environment  centered  philosophies  In  order  to  gain  a  better 
insight  into  systems  behavior  under  high  speed  atmospheric  flight  condi¬ 
tions.  This  coupling  function  has  been  provided  by  an  interdisciplinary 
panel  composed  of  scientists  representing  the  component  philosophies. 

The  coupling  framework  consists  of  an  intimate  mixture  of  theoretical  and 
experimental  studies  specifically  designed  to  overlap  temperature/ energy 
and  pressure/velocity  conditions.  This  overlap  has  provided  a  means  for 
the  evaluation  of  test  techniques  and  the  performance  of  specific  materials 
systems  under  a  wide  range  of  flight  conditions.  In  addition,  it  provides  a 
base  for  developing  an  integrated  theory  or  modus  operand!  capable  of 
translating  reentry  systems  requirements  such  as  velocity,  altitude,  con¬ 
figuration  and  lifetime  into  requisite  materials  properties  as  vaporization 
rates,  oxidation  kinetics,  density,  etc, ,  over  a  wide  range  of  conditions. 


The  correlation,  of  heat  flux,  starvation  enthalpy,  Mach  No. , 
stagnation  pressure  and  specimen  geometry  with  surface  temperature 
through  the  utilization  of  thermodynamic,  thermal  and  radiational  pro¬ 
perties  of  the  material  and  environmental  systems  used  in  this  study 
was  of  primr  '■v’.portance  in  defining  the  conditions  for  overlap  between 
materials -centered  and  environment-centered  tests. 

Significant  practical  as  well  as  fundamental  progress  along 
the  above  mentioned  lines  necessitated  evaluation  of  refractory  material 
systems  which  exhibit  varying  gradations  of  stability  above  2700°F.  Em¬ 
phasis  was  directed  towards  candidates  for  3400°  to  6000°F  exploitation. 

Thus,  borides,  carbides,  boride -graphite  composites  (JTA),  JT  compo¬ 
sites,  carbide -graphite  composites,  pyrolytic  and  bulk  graphite,  PT 
graphite,  coated  refractory  metals/alloyB,  oxide-metal  composites,  oxi¬ 
dation-resistant  refractory  metal  alloys,  and  coated  graphites  were  con¬ 
sidered.  Similarly,  a  range  of  test  facilities  and  techniques  including 
oxygen  pickup  measurements,  cold  sample  hot  gas,  and  hot  sample  cold 
gas  devices  at  low  velocities,  as  well  as  different  arc  plasma  facilities 
capable  of  covering  the  50-2500  BTU/ft^sec  flux  range  under  conditions 
equivalent  to  speeds  up  to  Mach  12  at  altitudes  up  to  200,  000  feet  were 
employed.  Stagnation  pressures  employed  ranged  between  0.001  and  10 
atmospheres.  Splash  and  pipe  tests  were  performed  in  order  to  evaluate 
the  effects  of  aerodynamic  shear.  Based  on  the  present  results,  this 
range  of  heat  flux  and  stagnation  enthalpy  produced  surface  temperatures 
between  2000°  and  6500°F. 

This  report  describes  the  results  obtained  for  the  Cold  Cas/ 

Hot  Wall  tests  performed  at  ManLabs  and  Arthur  D.  Little  employing 
facilities  described  elsewhere  (1).  Low  velocity  testing  was  performed 
at  ManLabs,  Inc,  under  the  direction  of  H.  Nesor,  Air  flowing  at  0.9  to 
9.0  ft/ sec  was  employed  in  resistance  heated  tube  furnaces  at  tempera¬ 
tures  between  1000°  and  4200°F.  Exposure  times  ranging  from  five 
minutes  up  to  four  hours  were  used  to  evaluate  the  behavior  of  the  candi¬ 
date  materials.  Post  exposure  met  alio  graphic  examination  of  samples 
disclosed  the  extent  of  oxidation.  Temperature  measurement  within  the 
tube  furnaces  was  carried  out  by  means  of  optical  brightness  and  two 
color  pyrometry  and  checked  by  measurements  of  the  melting  tempera¬ 
ture  of  several  materials. 

Low  velocity  teats  of  inductively  heated  samples  were  per¬ 
formed  at  Arthur  D.  Little  under  the  direction  of  J. B.  Berkowitz-Mattuck. 
These  exposures  were  carried  out  in  oxygen-helium  mixtures  at  flow  rates 
of  0.2  ft/ sec  with  oxygen  monitored  by  measuring  the  rate  at  which  oxygen  was 
removed  from  the  stream  for  times  up  to  one  hour.  These  measurements 
were  complemented  by  measurements  of  CO  and  COg  formation.  Post¬ 
exposure  metallographic  measurements  were  employed  to  check  and  sup¬ 
plement  the  gas  analysis  data.  Optical  brightness  measurements  were 
employed  to  measure  the  surface  temperature  by  employing  suitable 
emittance  corrections. 


% 

The  underscored  numbers  in  parenthesis  refer  to  references  listed  at 
the  end  of  this  report. 
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B.  Summary  of  Results 


Air  oxidation  test  data  generated  in  CG/HW  furnace  tests  are 
presented  for  most  of  the  candidate  materials*  Test  conditions  covered 
temperatures  between  1150°  and  4200°F,  times  from  five  minutes  to  four 
hours  and  air  flow  rates  between  0,9  and  9.0  ft/ sec.  Cyclic  exposures 
were  performed  for  most  of  the  candidates.  Temperature  limits  of  3060°, 

3200°  and  3450°F  were  found  for  Si/RVC(B-8),  Sn-A2/Ta-10W(G-19)  and 
WSi2/W(G-18),  respectively.  Supply  limited  oxidation  at  rates  of  0.2-0,  3 
mils/ sec  for  temperatures  between  2800°  and  4100°F  in  air  at  one  atmos¬ 
phere  was  noted  for  RVA(B-5),  PG(B-6),  BPG(B-7)I  PT0178(B-9)  and  AXF- 
5Q  Poco(B-lO)  graphites.  The  arc  cast  hypereutectic  carbides  HfC-i-C(C-ll) 
and  ZrC+C(C-12)  exhibit  surprisingly  constant  recession  levels  of  50-100 
mils  for  one  hour  exposures  between  1200°  and  4200°F.  A  transition  from 
puffy  to  adherent  oxide  occurs  above  3450°F  for  the  carbides.  The  Si02  +  _ 

35  w/oW(H-24)  composite  was  observed  to  flow  at  temperatures  above  3000°F, 

By  contrast,  the  Si02+68.5  w/o  W(H-22)  and  SiO2+60  w/o  W{H-23)  compo¬ 
sites  exhibit  low  oxidation  rates  at  temperatures  between  3200°  and  3900°F| 
above  which  viscous  flow  occurs.  The  hypereutectic  carbides  HfC4C(C-ll) 
and  ZrC-fC(C-12)  and  the  Si02+W(H-22)  and  (H-23)  composites  are  suscept¬ 
ible  to  oxidation  at  low  temperatures  (1200°-2500°F)  where  protective  oxides 
do  not  form.  KT-SiC(E-14)  exhibits  low  recession  up  to  3450°F,  and  rapid 
degradation  above  3500°F. 

The  HfB2+20%SiC(A-4),  HfB2  ,+20%SiC(A-7)  and  HfB,  ,+35%SiC 
(A- 9)  composites  exhibit  the  lowest  overall  recessions  up  to  3800*T,  above 
which  complete  depletion  of  SiC  occurs  and  rates  are  comparable  to  HfB2  i 
(A-2)  and  (A-6).  HfB2  base  materials  show  lower  recession  values  than  tne 
ZrB,  base  materials -ZrB2(A-3),  Boride  Z (A- 5),  ZrB2+14%SiC+30%C(A- 10) 
and  2rB2+20%SiC(A-8)  which  are  listed  in  order  of  increasing  oxidation  resist¬ 
ance,  JT0992(C-HfC-SiC)(F- 15)  exhibits  better  oxidation  resistance  than  does 
JT0981(C-ZrC-SiC)(F- 16),  which  in  turn  is  superior  to  JTA(C-ZrB2-SiCHD- 13). 
However,  the  former  composites  show  substantially  higher  rates  JTA 
(D-13)  below  3000  F  since  they  do  not  contain  boron  and  the  graphite  can 
oxidize  freely.  Above  3000°F,  JT0992(F-15)  exhibits  conversion  depths 
comparable  to  HfB2(A-2)  and  JT098l(F-l6)  is  similarly  comparable  to  ZrB2(A-3). 
Hf-20Ta-2Mo(I-23)is  as  oxidation  resistant  as  (A-3)and(F-,l6),  but  melts  near  3850°F. 

Kinetic  studies  indicate  protective  behavior  over  a  two  hour 
period  at  the  following  temperatures  for:  HfB2  i(A-2)-3700°F,  ZrB2 
(A-3)-3400°F,  HfB2+20%SiC(A-4)  and  (A-7)-3790°F,  ZrB2.  i+20%SiC 
(A-8)-3750°F.  ZrB2+SiC+C(A-10)-3600°F,  HfC+C(C-ll)-4000°F,  ZrC+ 
C(C-12)-3600°F,  JT A(D- 1 3) - 3250°F,  KT-SiC(E-14)-3450°F,  JT0992(F- 
15) -3520°F,  JT0981(F-16)-3390°F,  SiOz+60w/oW(H-23)-3850°F,  Hf-20Ta- 
2Mo(I-23)-3380°F.  Comparison  of  the  recessions  after  two  hour  continuous 
exposures  with  the  results  obtained  after  four  .thirty  minute  periods  inter¬ 
rupted  by  cooling  cycles  yielded  similar  results  for  HfB2  i(A-2),  ZrB2 
(A- 3),  HfB2+20%SiC(A-4),  Si/RVC(B-8),  HfC+C(C-ll),  ZrC+C(C-12),  JTA 
(D-13),  JT0992(F-15),  JT0981(F-16),  WSiz/W(G-18)  and  Sn-AZ/Ta-lOW 
(G-19).  In  each  case,  the  exposure  temperature  did  not  exceed  the  two  hour 
protection  limit  or  failure  temperature  for  coatings.  More  rapid  degrada¬ 
tion  was  observed  for  KT-SiC(E-14),  Si02+  68. 5w/oW(H-22),  SiO2+60w/oW 
(H-23)  and  Hf-20Ta-2Mo(I-23).  Seven  of  the  candidate  materials  were  tested 
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in  larger  tube  furnaces  than  usually  employed  (2  inch  vs.  7/8  inch  inside 
diameters).  H£B2  i(A-2)  and  ZrB2(A-3)  recession  results  were  inde¬ 
pendent  of  test  facility  but  more  rapid  oxidation  was  observed  for  HfB?  ]  + 
20%SiC(A-4)  and  (A-7),  JTA(D-13),  KT-SiC<E-14),  JT0992(F-15), 

JT0981(F-16)  and  Hf-20Ta-2Mo(I-23)  in  large  furnace  tests.  These  dif¬ 
ferences  are  most  probably  due  to  differences  in  air  supply. 

Six  materials  were  heated  in  flowing  argon  for  one  hour  be> 
tween  3000°  and4200°F.  Negligible  changes  in  JT0992(F-15)  and  JT0981 
(F-16)  occurred.  JTA(D-1J^  exhibited  changes  in  internal  structure  suggestive  of 
melting  in  the  ZrB2-SiC  phases  at  4200°F.  Exposure  of  WSi2/W(G-18) 
above  3500°F  resulted  in  melting  of  the  coating.  Testing  of  SiO2+60w/oW 
(H-23)  between  3800°  and  4000°F  resulted  in  cracking  and  evidence  of 
Si02  sublimation.  PT0178(B-9)  graphite  was  not  affected. 

Oxygen  pickup  and  gas  analysis  studies  were  performed  on 
JTA(D-13),  JT0992(F-15),  JT0981(F-16),  WSi*/W(G-18)  and  a  series 
of  iridium -base  alloys  between  2900°  and  4275®F  and  at  oxygen  partial 
pressures  of  10  to  150  Torr  in  oxygen-helium  mixtures  at  flow  rates  of 
0.2  ft/ sec  (CG/HW).  The  graphite  composites  exhibit  protective  oxida¬ 
tion  at  2900°F  and  linear  oxidation  at  3500°F,  although  at  2900°F,  40 
Torr  O2  is  required  to  provide  a  protective  oxide  for  JTA(D-13).  Thus 
at  temperatures  where  protective  oxidation  occurs,  raising  the  oxygen 
pressure  can  lower  the  rate  of  oxidation.  However,  at  higher  tempera¬ 
tures  where  oxidation  is  linear  (i.e. ,  at  or  above  3500°F)  raising  the 
pressure  increases  the  rate.  In  testing  of  WSi2/W(G-18)  at  an  oxygen 
partial  pressure  of  10  Torr,  protective  oxidation  is  not  observed  above 
3500°F  unless  a  protective  film  is  formed  first  by  oxidation  at  lower 
temperatures.  Under  such  conditions,  protection  can  be  retained  to 
3500°F.  At  one  atmosphere,  failure  was  noted  at  3560°F.  The  temper¬ 
ature  and  pressure  ranges  over  which  protective  oxidation  of  WSi-./W' 

(G-18)  is  observed  are  discussed  in  terms  of  initial  formation  of  W03(g) 
and  SiC>2(s)  followed  by  preferential  oxidation  of  silicon  to  form  lower 
sllicides  and  finally  W  at  the  oxide/ alloy  interface.  Failure  to  form  a 
protective  Si02  layer  at  low  oxygen  pressures  and  the  rupturing  of  exist¬ 
ing  SiC>2  films  by  SiO(g)  evolution  are  considered  as  mechanisms  operative 
during  nonprotective  oxidation  of  WSi2/W(G-18). 

Several  binary  and  ternary  iridium-baoe  alloys  were  tested 
at  4000°F  in  53%  oxygen-47%  helium  at  one  atmosphere  and  a  0.2  ft/ sec 
flow  rate.  Comparative  results  indicate  that  rhodium  additions  offer  the 
greatest  resistance  against  oxidation  while  platinum  and  rhenium  confer 
only  moderate  resistance.  Osmium  additions  reduce  oxidation  resistance. 

It  should  be  noted  that  rhenium  raises  the  iridium- carbon  eutectic  temper¬ 
ature,  while  platinum  and  rhodium  lower  it. 
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x  &  \jj;  i  uKiNAOi^i  UA113ATION  TESTS  (CG/HW) 


A.  Introduction 


Air  oxidation  tests  have  been  performed  for  most  of  the 
candidate  materials  listed  in  Table  1.  Details  of  the  apparatus  and  pro¬ 
cedures  employed  are  given  in  Part  II- Volume  II  of  this  series  (1),  and 
characterization  data  on  the  candidate  materials  are  presented  Hi  Part 
11-Volume  I  (2).  In  general,  single  samples  mounted  on  zirconia  pedestals 
are  placed  into  the  furnace  which  is  at  room  temperature.  The  samples 
are  heated  to  test  temperature  in  flowing  argon.  When  temperature  is 
reached,  the  argon  is  turned  off  and  air  is  turned  on.  Air  flow  rates 
between  0.9  and  9.0  ft/sec  at  one  atmosphere  have  been  used  for  times 
from  five  minutes  to  four  hours.  Testing  temperatures  between  1150° 
and  4200° F  have  been  employed.  After  the  required  time  has  elapsed, 
the  furnace  power  and  air  are  turned  off  and  argon  is  reintroduced  during 
cooling  of  the  sample.  Most  of  the  candidate  materials  have  been  subjected 
to  cyclic  heating  and  cooling  exposures,  which  generally  involved  four  - 
thirty  minute  periods  at  elevated  temperature  with  intermediate  furnace 
cooling  to  below  500°F  between  each  elevated  temperature  cycle.  The  con¬ 
version  depth,  or  extent  to  which  oxidation  takes  place  during  exposure, 
was  determined  by  post-exposure  metallography.  Material  recessions  were 
measured  both  for  length  and  diameter  of  the  cylindrically- shaped  samples. 
All  conversion  depths  reported  below  are  the  maximum  value,  rather  than 
the  average  of  the  two  measurements,  since  significant  differences  have  been 
noted  between  longitudinal  and  transverse  values,  particularly  in  samples 
having  conversion  depths  greater  than  100  mile. 

B.  Oxidation  Results 


Oxidation  data  have  been  generated  for  all  candidate  materials 
listed  in  Table  1  with  the  exception  of  Glassy  Carbon(B- 1 1),  W+Zr+Cu(G-20), 
W+Ag(G-21)  and  Ir/c(I-24).  A  complete  tabulation  of  exposure  conditions 
and  recession  measurements  is  given  in  Tables  2-9.  Figures  1-7  show 
variation  of  maximum  conversion  depth  with  temperature*  and  air  flow  rate 
for  these  conditions.  Figures  8-15  illustrate  time  dependence  of  oxidation 
at  fixed  temperature  and  air  flow  rate.  In  some  instances,  the  large  furnaces 
(2  inch  inside  diameter)  were  used  to  test  several  samples  simultaneously, 
withdrawing  each  specimen  after  a  given  time  interval  without  cooling  the 
furnace.  The  results  have  led  to  the  following  conclusions; 

1.  HfB2  ^A-2)  and  HfB2  ^A-6) 


Tables  2  and  5  and  Figures  L,  8,  12  and  14  summarize 
the  results  obtained  following  CG/HW  air  oxidation  furnace  tests  on  hafnium 
diboride.  One  hou^  exposures  ^n  flowing  air  have  been  performed  at  tempera¬ 
tures  between  1200°F  and  4100°F.  The  results  which  are  shown  in  Figure  l 
refer  to  exposures  conducted  in  the  small  furnaces  (7/8  inch  inside  diameter). 
HfB2  ^(A-2)  appears  to  oxidize  more  rapidly  at  temperatures  below  3200°F 


^Temperatures  were  measured  with  LATRONICS  COI.ORATIO  Automatic 
Two-Color  Pyrometers  or  with  a  MILLETRON  Therm-O-Scope  Automatic 
Two-Color  Pyrometer.  Instruments  were  calibrated  weekly  against  a 
tungsten  filament  bulb. 
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than  HfB£  i(A-6)  and  the  hafnium  borides  having  B/Me  =  1.7-2.  1 
(3,4).  Reference  to  Figure  1  shows  that  the  one  hour  conversion 
depth  becomes  insensitive  to  temperature  above  3600°F.  The  reason 
for  this  insensitivity  is  not  clear.  In  all  cases,  the  quantity  of  air  flowing 
through  the  furnace  exceeded  that  required  to  oxidize  the  samples  by  a 
substantial  amount.  It  is  possible,  however,  that  the  supply  of  oxygen 
available  at  the  gas/oxide  interfac  e  is  limited  by  the  transport  rate  or 
diffusion  of  oxygen  molecules  through  the  gas.  In  a  case  where  the  ob¬ 
served  conversion  depth  is  limited  by  the  air  velocity  (i.e.  ,  where  increasing 
air  velocity  increases  the  conversion  depth),  the  rate  is  defined  to  be 
supply  limited.*  By  contrast,  if  the  observed  oxidation  rate  is  independent 
of  both  air  velocity  and  temperature,  the  oxidation  rate  may  be  limited  by 
diffusion  of  oxygen  through  the  gas.  In  the  present  case,  the  conversion 
depth  for  one  hour  exposures  of  ^(A-2)  at  temperatures  above  3600°F 

does  not  seem  strongly  dependent  upon  air  velocities  between  0.  9  and  7.2 
ft/sec.  Thus,  the  reaction  may  be  diffusion  limited  above  3600°F.  Figures 
16-19  show  post-exposure  photomicrographs  of  exposure  HfB?  j(A-2),  Test 
1356,  and  HfBg.  i(A-6),  Test  367.  An  adherent  oxide  and  uniform  conversion 
of  boride  to  oxide  is  indicated  in  both  cases. 

Kjnetic  studies  have  been  performed  at  temperatures 
between  3350°  and  4000  F  for  times  between  15  and  120  minutes.  Figure  8 
shows  results  obtained  in  the  small  furnace  (7/8  inch  inside  diameter  tube), 
while  Figure  12  shows  results  obtained  in  the  large  furnace  (2  inch  inside 
diameter  tube).  A  comparison  of  "small"  and  "large"  furnace  results  is 
contained  in  Figure  14.  These  figures  indicate  protective  behavior**  between 
3350  and  400(rF  with  little  dependence  on  furnace  size  although  conversion 
depths  in  the  "large"  furnace  appear  to  be  very  slightly  larger.  Two  hgur 
conversion  depths  are  relatively  insensitive  to  temperature  above  3600°F. 

Q  Test  858  (Table  2)  consisted  of  four  -  thirty  minute 

rycles  at  3590  F  on  HfBg,  [(A-2).  A  conversion  depth  of  116  mils  was 
obtained.  This  is  approximately  equal  to  the  value  indicated  by  the  non- 
cyclic  kinetic  studies  so  that  alternate  heating  and  cooling  appear  to  have 
little  effect  on  this  material.  Several  low  temperature  exposures  (Tests 
863,  866,  867  and  .8,  Table  2)  were  performed  between  1200°  and  2700°F 
to  verify  the  expected  low  rates  of  oxidation  under  these  conditions.  These 
tests,  when  :ombined  with  the  results  illustrated  in  Figure  1,  Bhow  that 
the  oxidation  rates  of  HfB^  ^(A-2)  and  HfB^  .  (A-6)  increase  with  increasing 
temperature.  1 


*  This  supply  limit  may  be  caused  by  furnace  geometry  and  air  flow  rate. 
As  a  consequence  it  is  not  a  unique  characteristic  of  the  material. 

**  The  meaning  of  the  term  "protective  behavior"  as  employed  here  in 
describing  the  oxidation  of  bulk  materials  implies  rates  which  decrease 
with  time.  This  term  is  used  in  contrast  to  "nonprotective"  behavior 
in  which  the  oxidation  rate  is  constant. 
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The  data  for  zirconium  dibcridc  are  displayed  in 
Table  2  and  Figures  1,  8,  12  and  14.  One  hour  exposures  in  flowing 
air  have  been  performed  at  temperatures  between  1200°  and  4200°F. 
Recession  values  for  ZrB-(A-3)  are  in  general  agreement  with  those 
for  ZrB2  prepared  by  ManLabs  and  Avco  under  AF33(615)-3671  (3),  and 
are  somewhat  larger  than  values  obtained  for  hafnium  diborides.  An 
insensitivity  to  temperature  above  3500°F  is  also  indicated,  comparable 
to  that  discussed  above  for  HfB,  ,{A-2).  Post-exposure  photomicrographs 
are  shown  in  Figures  20  and  217*  The  oxide  formed  on  ZrB2(A-3)  tends 
to  chip  off  easily  and  is  generally  not  as  adherent  as  that  formed  on  hafnium 
diborides . 


Kinetic  studies  have  been  performed  between  3260° 
and  3560  F  for  times  up  to  two  hours.  .Figures  8,  12  and  14  illustrate  the 
small  furnace,  large  furnace,  and  comparative  results  respectively.  Pro¬ 
tective  behavior  is  observed  at  temperatures  up  to  3400°F  for  one  hour. 

At  higher  temperatures,  and  for  longer  times  at  3400°F,  behavior  becomes 
nonprotec tive.  Similar  results  are  obtained  in  both  furnaces.  Four  -  thirty 
minute  cycles  at  3206°F  (Test  935,  Table  2)  yield  a  maximum  conversion 
depth  of  40  mils  which  is  in  agreement  with  the  two  hour  kinetic  experiments. 
Low  temperature  exposures  between  1200°  and  2700°F  (Tests  900,  902,  904 
and  905,  Table  2)  indicate  the  expected  low  rates  of  oxidation.  Combination 
of  these  results  with  those  at  higher  temperatures  show  that  zirconium 
diboride  exhibits  an  increasing  rate  of  oxidation  with  increasing  temperature. 

3.  HfB 2+2 0%SiC{ A- 4) ,  HfB2  j+ZCftSiCfA-?)  and 

HfB 2  1 - 

The  results  for  hafnium  diboride- silicon  carbide  com¬ 
posites  are  presented  in  Tables  3  and  4  and  in  Figures  1,  8,  12  and  14.  The 
tables  give  silicon  carbide  depletion  depths  as  well  as  diboride  conversion 
depths.  The  depletion  depth  is  the  distance  from  the  outer  surface  over  which 
silicon  carbide  is  removed  during  exposure.  Composites  containing  silicon 
carbide  are  observed  to  form  clear  bubbles  of  silica  during  an  exposure. 

These  bubbles  will  expand  and  burst  during  a  test  until  the  silicon  carbide  is 
completely  removed.  Post- exposure  examination  of  such  samples  reveal  that 
a  glassy  oxide  remains  on  the  surface  along  with  the  white  oxide  formed  due 
to  diboride  oxidation. 

One  hour  exposures  have  been  performed  at  temperatures 
between  1200°  and  42Q0°F.  These  agree  with  results  obtained  under  AF33- 
(6 15)- 3671  (3).  No  real  distinction  can  be  made  between  the  three  composites, 
although  HffT,  , +35%SiC(A-9)  may  yield  slightly  lower  recession  values  than  the 
composites  cohtaining  20%SiC.  The  oxidation  rates  for  the  composites  are 
markedly  slower  than  for  HfB,  .  (A-2)  and  (A-6)  with  virtually  no  oxidation 
taking  place  below  3200°F.  Figure  22  illustrates  the  variation  of  depletion 


♦Tests  run  at  2400°F  for  150  hours  indicate  that  HfB2  . +20%SiC(A-7)  exhibits 
only  several  mils  conversion  and  no  preferential  oxidation  of  silicon  carbide(J5). 
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depth  with  time  for  HfB2+20%SiC(A-4) .  At  3575°F,  the  conversion  depth 
shows  almost  no  time  dependence  up  to  i 20  minutes.  However,  at  3685°F 
and  above  the  depletion  depth  increases  rapidly  after  one  hour.  Thus  , 
after  one  hour  exposures  at  temperatures  above  3800°F,  complete  de¬ 
pletion  of  silicon  carbide  has  occurred  for  l/2  inch  cylindrical  samples, 
and  recession  values  become  comparable  to  pure  hafnium  diboride. 


Figures  23-28  show  post-exposure  sections  of  the 
hafnium  diboride-silicon  carbide  composites.  The  absence  of  silicon 
carbide  in  the  depleted  zone  beneath  the  oxide  is  clearly  visible.  At 
temperatures  equal  to  or  less  tjran  3800°F,  the  oxide  is  quite  adherent  to 
the  diboride  core.  Above  3800°F,  the  oxide  is  found  to  be  separated  from 
the  diboride  core  or  cracked  after  cooling  to  room  temperature.  In  cases 
where  a  sample  has  been  partially  depleted  of  silicon  carbide,  radial  cracks 
are  often  found  in  the  depleted  zone,  as  illustrated  in  Figures  29  and  30. 

Kinetic  studies  have  been  performed  for  HfB_+20%SiC 
(A-4)  in  the  large  furnace  between  3565°  and  4000°F,  and  for  HfB_  .+20%SiC 
(A-7)  in  the  small  furnace  between  3550°  and  3900°F.  The  latter  r'esults 
are  presented  in  Figure  8,  the  former  in  Figure  12,  and  a  comparison  is 
contained  in  Fyjure  14.  The  comparison  shows  somewhat  lower  recession 
values  at  3900°F  in  the  small  furnace  tests  on  (A-7),  where  protective 
behavior  is  observed  over  a  two  hour  period.  Non-protective  oxidation  is 
observed  in  large  furnace  tests  on  (A-4)  after  one  hour  at  3894°F.  Cyclic 
exposures  on  HfB-+20%SiC(A-4)  at  3600°F  and  3900°F  (Tests  1061  and  952, 
Table  3)  indicate  little  difference  when  compared  with  two  hour  kinetic  results 
at  3600°F,  but  enhanced  oxidation  at  3900°F.  Tests  at  temperatures  between 
1200°  and  2700°F  yielded  virtually  no  oxidation  and  little  depletion,  These 
composites  generally  exhibit  increasing  oxidation  rates  with  increasing 
temperature. 

4.  Boride  Z(A-5),  ZrB,  1+20%SiC(A-8)  and 

lirS2+147o&"C+30%C(A-  10) 

The  results  of  furnace  oxidation  tests  for  the  zirconium 
diboride-base  composites  are  presented  in  Tables  4  and  5,  and  displayed  in 
Figures  1,  2,  8  and  9.  Comparison  of  ZrB,(A- 3)  with  the  (A-5),  (A- 8)  and 
(A- 10)  composites  indicates  comparable  beKavicr  after  one  hour  exposures 
above  3800°F  similar  to  the  behavior  of  hafnium  diboride  versus  its  compo¬ 
sites.  Below  this  temperature,  the  silicon  carbide  additions  become  effective 
over  one  hour  periods  and  the  composites  show  increased  resistance  to 
oxidation  relative  to  pure  ZrB_,  ZrB,  .  +20%SiC(A-8)  appears  to  be  most 
resistant  to  oxidation  followed  oy  ZrBf+i4%SiC+30%C(A- 10)  and  Boride  Z 
(A-5),  Post-exposure  photomicrographs  are  shown  in  Figures  31-36.  The 
(A-8)  and  (A-10)  exposures  exhibit  depletion  zones,  uniform  oxidation  and 
adherent,  glassy  oxides.  The  (A-5)  exposure  shows  nonuniform  oxid*ition 
and  a  nonadherent  oxide.  The  zirconium  diboride-base  composites  exhibit 
slightly  higher  recession  and  depletion  rates  than  the  hafnium  diboride -base 
composites. 
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Kinetic  studies  for  times  up  to  two  hours  have  been 
Derform^d  in  the  small  furnaces  for  .ZrB~  . +206/oSiC(A-8)  between  3515° 
and  3850  F  and  for  ZrB~+14%SiCH  30%C(a-T0)  between  3500°  and  3764°F. 
Protective  behavior  is  observed  after  two  hours  at  3700°F  and  one  hour 
at  3850°F  for  the  (A- 8)  composite.  Rapid  oxidation  takes  place  for  longer 
times  at  3850°F  due  to  the  complete  loss  of  silicon  carbide  after  one  hour 
at  this  temperature^  The  (A- 10)  composite  exhibits  protective  behavior 
for  o^e  hour  at  3650  *  but  non- protective  behavior  after  longer  times  at 
3650°F  or  at  higher  temperatures.  These  results  are  illustrated  in  Figures 
8  and  9. 

Cyclic  exposures  were  not  performed  on  these 
composites.  Low  temperature  exposures  on  ZrB,+14%SiC+30%Cj(A- 10) 
between  1200°  and  2800°F  (Tests  1259,  1260  and  T261,  Table  4)  indicated 
extremely  small  conversion  depths  and  virtually  no  depletion.  Thus, 
the  zirconium  diboride-base  composites  exhibit  increasing  oxidation  rates 
with  increasing  temperature  as  well  as  higher  overall  oxidation  rates  than 
their  hafnium  diboride-base  counterparts. 

5.  RVA(B- 5),  PG(B-6),  BPG(B-7),  PT0L78(B-9) 

and  AXF-5Q  Poco(R-lO)  (jraphites 

Table  5  and  Figures  2  and  3  summarize  the  results 
obtained  for  the  graphite  candidate  materials.  The  oxidation  rates  for 
these  materials  are  insensitive  to  temperature  changes  between  2800°  and 
4200°F.  Little  effect  of  flow  rate  is  observed  between  0.9  and  3.6  ft/sec. 
However,  higher  rates  of  oxidation  are  observed  as  the  rate  is  increased 
to  7.2  and  9.0  ft/sec.  These  results  indicate  that  air  oxidation  at  1-9 
ft/sec  is  supply  limited  at  a  rate  of  0.2-0.  3  mils/sec  for  all  of  the  graphite 
candidates  with  the  exception  of  PT0178(B-9).  This  is  due  to  the  lower 
density  of  this  material.  When  these  results  are  compared  with  those  of 
high  velocity  CG/HW  tests  and  HG/CW  arc  plasma  teats  presented  in  other 
reports  of  this  series  (6»J7»  ®)*»  it  is  apparent  that  the  oxidation  rates  are 
controlled  by  the  testing  environment  to  a  greater  extent  than  by  the  oxidation 
kinetics. 

Post-exposure  photomicrographs  of  the  graphites  are 
presented  in  Figures  37-46.  The  longitudinal  and  transverse  sections  shown 
for  RVA(B-5),  PG(B-6)  and  BPG(B-7),  Figures  37-42,  indicate  their  relative 
densities  with  the  pyrolitic  materials  (B-6)  and  (B-7)  having  higher  densities 
than  (B-5).  The  longitudinal  section  of  BPG(B-7)  (Test  207,  Table  5)  shown 
in  Figure  41  indicates  incipient  delamination.  The  SPG(B-7)  material  showed 
a  greater  frequency  of  this  behavior  than  PG(B-6),  Figures  43  and  44  show 
typical  post-exposure  photomicrographs  of  PT0178(B-9).  Its  random  fibrous 
structure  is  clearly  evident  and  uniform  oxidation  is  thus  observed.  Figures 
45  and  46  show  post-exposure  photomicrographs  of  AXF-5Q  Poco(B-lO).  The 


*An  extensive  discussion  of  this  problem  is  given  in  Reference  (jJ).  CG/HW 
and  HG/CW  results  are  presented  in  References  (6)  and  (7)  respectively. 
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extremely  fine  grain  size  of  this  material  is  illustrated  by  electron  micro¬ 
graphs,  Figures  47  and  48,  at  13000X,  These  show  two  levels  of  structure 
at  approximately  G.05  mils  and  G.OGZ  mils. 

There  have  been  no  kinetic,  cyclic  or  low  temperature 
studies  performed  on  the  graphite  candidates. 

6.  Siliconized  RVC  Graphite,  Si/RVC(B-8) 

Air  oxidation  results  for  Si/RVC(B-8),  consisting 
of  a  four  mil  coating  of  SiC  on  RVC  graphite,  are  given  in  Table  6  and 
Figure  3,  The  coating  provides  protection  for  one  hour  at  3100°F.  Above 
this  temperature,  the  coating  flows  and  failure  occurs  leading  to  graphite- 
type  oxidation  rates.  Coating  failures  were  observed  for  all  exposures 
above  3100  F.  Figures  49  and  50  show  post-exposure  photomicrographs  of 
Test  1048  after  one  hour  at  2806  F  at  an  air  flow  rate  of  1 . 8  ft/sec.  The 
coating  system  survived  these  conditions. 

Kinetic  studies  were  performed  at  3016°  and  3102°F 
for  times  between  15  minutes  and  two  hours.  No  coating  failures  were  ob¬ 
served  at  the  lower  temperature,  but  a  partial  coating  failure  occurred 
during  the  second  hour  at  3102°F.  Four  -  thirty  minute  cycles  at  2974°F 
(Test  866,  Table  6)  did  not  lead  to  failure,  but  failure  did  occur  during  the 
fourth  cycle  at  3098  F  (Test  1101)  which  agrees  with  the  kinetic  results 
at  this  temperature. 


7.  HfG+C(C- 11)  and  ZrC+C(C-12) 

Table  6  and  Figures  4  and  9  contain  the  results  for 
the  hypereutectic  carbide  candidate  materials.  The  results  of  one  hour 
exposures  between  1200°  and  4200°F  show  little  change  of  conversion  depth 
with  temperature.  Recession  values  averaging  60  mils  for  HfC+C(C-li) 
and  80  mils  for  ZrG+C(C-12)  are  obtained  over  the  entire  temperature  range 
with  alight  decreases  in  rate  near  3450  F.  Post-exposure  examination  of 
the  8*^  materials  reveals  that  the  heavy  oxide  which  forms  is  "puffy"  below 
3450  F.  However,  above  this  temperature  a  dense,  adherent  oxide  forms. 

This  behavior  is  illustrated  in  Figures  51-56  which  show  the  results  of  Tests 
973  and  987  for  HfC+C(C-ll)  at  3279°  and  4084°F,  and  Tests  988  and  1031 
for  ZrC+C(C-l2)  at  3058  and  3645  F.  This  transition  in  behavior  (from 
puffy  to  adherent  oxide)  undoubtedly  gives  rise  to  the  flat  conversion  depth  vs. 
temperature  curves  shown  in  Figure  4.  Thus,  oxidation  may  be  supply 
limited  at  low  temperatures.  Reference  to  Figures  53-56  shows  that  preferen¬ 
tial  oxidation  of  the  primary  graphite  flakes  occurs  and  that  the  oxides  contain 
voids  which  correspond  to  the  original  location  of  the  graphite  flakes.  No 
clear  dependence  on  air  flow  rate  was  observed  between  0.9  and  7.2  ft/sec 
for  the  hypereutectic  carbides. 

Kinetic  studies  performed  in  the  small  furnaces  at 
temperatures  between  2800°  and  4000°F  for  times  up  to  two  hours  reveal  the 
very  interesting  result  that  the  oxidation  rate  of  HfC+C(C-ll)  decreases 
with  increasing  temperature  between  2800°  and  3600°F.  Above  3800°F,  the 
rate  increases  with  temperature,  as  shown  in  Figure  9.  Similar  results  are 
notec^for  ZrC+£(C-12)  which  exhibits  a  decrease  in  oxidation  rate  between 
2800  and  3400  F,  and  an  increase  in  rate  above  3600°f.  These  observations 
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are  consistent  with  the  transition  in  the  adherence  of  the  oxide  noted  above. 
Obviously,  the  puffy  oxide  existing  below  3450°F  goes  not  afford  protection 
whereas  the  more  dense  oxide  formed  above  3450°F  does  protect  the  hyper¬ 
eutectic  carbides  and  improves  theiv  resistance  to  oxidation.  Cyclic  ex- 
pooures  on  H1C+C(C-11)  and  ZrC+C(C-i2)  (Tests  1114  and  1120,  Table  6, 
respectively)  yielded  identical  results  to  those  obtained  in  the  two  hour 
kinetic  tests. 

8.  JTA(C-ZrBz-SiC)(D-13),  KT-SiC(E-14),  JT0992 


Tables  6,  7  and  8  and  Figures  5,  6,  10,  13  and  15 
present  the  data  for  silicon  carbide  and  the  JT-compoaites.  At  low  tempera¬ 
tures,  JT0992(F-15)  and  JT0981(F-16)  exhibit  high  oxidation  rates  due  to 
their  high  graphite  content  and  the  fact  that  HfC  or  ZrC,  and  SiC  cannot 
contribute  protective  oxides  below  2800°F,  By  contrast,  JTA(D-13)  exhibits 
much  lower  oxidation  depths  between  1200°  and  2700°F  due  to  the  formation 
of  B-O- .  Based  on  these  observations,  and  those  preceding  for  the  hyper¬ 
eutectic  carbides,  it  appears  that  SiC  additions  contribute  oxidation  protection 
above  2800°F,  HfC/ZrC  additions  supply  protection  above  3400°F,  while  the 
presence  of  boron  is  required  to  protect  graphite  below  2800°F.  Variation 
of  air  flow  rate  between  0.9  and  7.2  ft/sec  has  little  effect  on  JT0981(F- 16), 
However,  JTA(D-13)  and  JT0992(F-15)  show  a  marked  dependence  on  air  flow 
rate  suggesting  a  supply  limited  reaction  for  these  composites.  The  results 
of  arc  plasma  exposures  (7)  at  Mach  0.3-0, 5  and  one  atmosphere  stagnation 
pressure  at  temperatures  between  3500°  and  4000°F  are  in  agreement  with 
this  conclusion. 

Typical  post-exposure  microstructures  of  the  JT- 
composites  are  shown  in  Figures  57-62.  The  three  matrix  phases  are  clearly 
distinguishable  in  each  case.  X-ray  diffraction  analysis  of  the  oxide  coatings 
revealed  the  presence  of  monoclinic  ZrO,  plus  some  lines  which  could  be 
indexed  as  ZrC  in  JTA(D-13),  and  only  monoclinic  HfO_  and  ZrO_  in  JT0992 
(F-15)  and  JT0981(F-16). 

Kinetic  studies  have  been  performed  in  both  large  and 
small  furnaces  for  these  materials.  Figure  10  illustrates  the  small  furnace 
results,  Figure  13  the  large  furnace,  and  Figure  15  compares  the  two.  It  is 
clear  that  oxidation  rates  for  the  JT-composites  are  extremely  sensitive  to 
the  testing  facility.  JTA(D-13)  exhibits  protective  behavior  at  3400°F  and 
linear  behavior  at  3500°F  in  the  small  furnace  while  linear  behavior  at  3350°F 
1b  observed  in  the  large  furnace.  JT0992(F-15)  exhibits  linear  behavior  in 
large  furnace  tests  at  36l6°F  but  protective  behavior  at  3600°F  and  borderline 
behavior  at  3700°F  in  small  furnace  tests,  JT0981(F-l6)  exhibits  linear  be¬ 
havior  in  large  furnace  tests  at  3573°F  but  borderline  behavior  at  3600°F  in 
the  small  furnace.  The  higher  rates  of  oxidation  noted  in  the  large  furnace 
may  be  due  to  air  supply  or  temperature  differences,  the  former  most  probably 
being  the  case  although  this  conclusion  has  not  been  validated.  Samples  tested 
for  120  minutes  in  both  facilities,  however,  should  not  show  temperature 
differences  since  pyrometers  are  monitoring  their  temperatures  continuously. 

Cyclic  exposures  of  JTA(D-13)  at  2894°F  (Test  945, 

Table  7)  using  four  -  thirty  minute  cycles  yielded  a  conversion  depth  of  14 
mils  as  compared  with  8  mils  after  two  hours  of  uninterrupted  exposure.  Cyclic 
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exposures  of  JT0992(F- 15)  at  3518°F  (Test  914,  Table  7)  and  JT0981(F- 16) 
at  3450°F  (Test  842,  Table  8)  yielded  virtually  identical  results  to  those 
obtained  for  uninterrupted  tests.  Consequently,  it  appears  that  cyclic  ex¬ 
posures  do  not  produce  additional  oxidation  as  compared  with  uninterrupted 
exposures  at  temperatures  where  protective  oxidation  takes  place. 

The  results  for  KT-SiC(E-14)  are  presented  in  Table 
6  and  Figures  5,  10,  13  and  15.  One  hour  exposures  indicate  rapid  degra¬ 
dation  above  3500°F.  In  addition,  Tests  570  and  571  performed  by  insertion 
of  samples  into  a  hot  furnace  showed  similar  results.  These  results  differ 
from  those  made  during  high  velocity  CG^HW  induction  heating  experiments 
where  (E-14)  survived  exposures  at  4700°F  and  150  ft/sec  (6).  Typical 
post-exposure  photomicrographs  are  shown  in  Figures  63  and  64.  The  results 
of  small  furnace,  large  furnace  and  comparative  kinetic  studies  Bhown  in 
Figures  10,  13  and  15  indicate  similar  dependence  on  test  facility  aB  in  the 
case  of  the  JT-composites.  Rapid  oxidation  is  observed  in  the  large  furnace 
after  60  minutes  at  347Q°F,  whereas  considerably  slower  rates  are  observed 
after  two  hours  at  3500°F,  Cyclic  exposures  at  3394°F  (Test  878,  Table  6) 
indicate  accelerated  oxidation.  In  general,  then,  the  oxidation  of  KT-SiC 
(E-14)  is  characterized  by  low  rates  below  3450°F,  a  sharp  transition  from 
protective  to  nonprotective  behavior  at  that  temperature,  and  rapid  degra¬ 
dation  above  3500°F. 


9.  WSi2/W(G-18)  and  Sn-Af  /Ta-10W(G-19) 


Table  8  and  Figure  5  summarize  the  results  obtained 
for  the  coated  refractory  metal  candidate  materials.  The  tungsten  disilicide 
coating  on  tungsten  affords  protection  up  to  3500°F,  Four  -  thirty  minute 
cycles  at  3476°F  (Test  1068)  donot  cause  coating  failure.  This  coating  was 
developed  and  evaluated  by  Nolting  and  Jeffereys  who  report  degradation  near 
3600°F  due  to  melting  at  the  WeSi^-WSi,  eutectic  (9).  Figures  65  and  66  show 
the  results  of  Test  478  which  expoaed  a  17Siz/W(G-"l8)  sample  to  flowing  air 
at  3325°F  for  one  hour.  The  central  W-Si,  zone  shown  in  Figure  66  is  5.0 
mils  wide.  Figure  67  plots  the  log  of  wLSi,  zone  width  vs.  reciprocal  tempera¬ 
ture  results  obtained  for  all  types  of  tests  conducted  within  the  program  along 
with  similar  data  for  the  growth  of  W-Si*  measured  by  Bartlett  and  Gage  (1 1) 
and  MogSi,  on  MoSi-/Mo  measured  by  Perkins  and  Packer  (10).  The  latter 
values  were  converged  parabolically  (10)  from  30  minute  to  STT minute  exposures 
for  direct  comparison.  The  furnace  test  data  (filled  circles)  are  in  good  agree¬ 
ment  with  the  results  of  Bartlett  and  Gage  (11)  and  Perkins  and  Packer(_l_0),  as  are 
result!  of  oxygen  pickup  experiments  (to  be~'cEiscu6sed  below).  However,  slight 
deviations  are  noted  in  the  results  for  high  velocity  CG/HW  tests  (6)  and 
considerable  deviation  is  observed  for  HG/CW  arc  plasma  exposures  (7). 

The  emittance  values  employed  in  correcting  optical 
brightness  temperatures  at  X  =  0.65(i  to  true  temperatures  for  the  latter 
teats  was  «  =  0.60  below  3500°Fin  Part  III- Volume  11(6),  The  large  differences 
observed  between  furnace  tests  and  arc  plasma  tests  (squares  in  Figure  67) 
are  undoubtedly  due  to  temperature  gradients  through  the  coating.  These 
gradients  could  be  as  high  as  several  hundred  degrees  fahrenheit  (7),  and  would 
then  lead  to  reduced  diffusion  rates.  However,  this  explanation  does  not 
offer  a  means  for  understanding  the  relative  widths  observed  in  the  high  velocity 
CG/HW  test  samples  (triangles  in  Figure  67)  which  were  inductively  heated. 
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Figures  68  and  69  the  post- exposure  micro- 

structure  obtained  lor  Test  485  exposed  at  3532  F  where  the  WSi^  coating 
failed  in  an  irregular  manner.  Some  coating  was  still  left  on  the  surface 
after  a  60  minute  exposure.  Kinetic  studies  for  up  to  two  hours  at  3450  F 
did  not  produce  failures  in  either  the  small  or  large  furnaces. 

The  results  obtained  for  Sn-Ai  /Ta-10W(G-19)  in¬ 
dicate  that  this  coating  system  offers  protection  at  one  atmosphere  for  one 
hour  up  to  approximately  3200°F.  Above  this  temperature,  failure  of  the 
coating  occurs.  These  results  are  in  general  agreement  with  those  of 
Perkins  and  Packer  (11,  pages  294-295).  The  failure  mechanism  appears 
to  be  loss  of  tin  and  oxidation  of  the  TaAf,  layer  as  illustrated  in  post¬ 
exposure  photomicrographs,  Figures  70-73.  Figure  70  shows  the  coating 
after  exposures  at  2624°F  and  3092°F.  The  former  section  shows  the  two 
mil  TaAi,  zone  and  six  mil  Sn  overlayer  which  is  virtually  identical  to  the 
as-received  material  (2).  The  latter  section  is  typical  of  results  above 
28006F,  i.e.  losses  in  the  TaAjL  zone  and  Sn  overlayer  are  encountered. 
Figures  72  and  73  show  coating  failure  and  oxidation  of  the  Ta-lOW  substrate. 

Tests  1192  and  1193  (Table  8)  were  performed  using 
HfC+C(C-ll)  pedestals  in  place  of  ZrO,  to  verify  that  the  Sn-Ai  coating 
failure  temperature  near  3200°F  was  not  due  to  reaction  with  ZrOu.  These 
tests  confirm  the  3200°Fjprotection  limit  with  failure  occurring  afr3317  F. 
Cyclic  exposures  at  2990jF  (Test  1069,  Table  8)  did  not  lead  to  coating 
failure,  nor  did  two  hour  kinetic  study  exposures  at  this  temperature. 

10.  Si02+68.5w/oW(H-22),  SiO2+60w/oW (H-23)  and 

Sr02+35W/JWr(H-2?) - 


Table  9  and  Figures  7  and  11  display  results  for  the 
silica- tungsten  composite  materials.  The  (H-24)  composite  containing 
35w/oW  exhibits  viscous  flow  at  temperatures  above  3000°F.  Lkjjv  oxidation 
rates  are  noted  for  (H-22)  and  (H-23)  at  temperatures  up  to  3900  F.  Above 
this  temperature,  substantial  viscous  flow  occurs.  Low  temperature  expo¬ 
sures  of  (H-23)  between  1200°  and  2700°F  (Tests  1239-1243,  Table  9)  in¬ 
dicate  rapid  attack  of  the  tungsten  below  the  fusion  range  of  Si02>  Similar 
results  were  obtained  in  high  velocity  CG/HW  tests  (6)  in  the  range  from 
1700°  to  2700°F.  Tests  1239-1242  showed  cracking  of  the  samples  due  to 
oxidation  of  tungsten  and  the  growth  of  tungsten  oxide.  Post- exposure  photo¬ 
micrographs  of  these  composites,  Figures  74-79,  illustrate  depletion  of 
tungsten  from  the  surface.  Figure  78  illustrates  flow  in  SiO_+35'w/oW(H-24) 
at  3042°F.  4 

Figure  1 1  contains  the  results  of  kinetic  exposures  on 
SiO,+60w/oW(H-23)  at  3672°  and  3846°F.  Although  the  observed  recessions 
arelow,  the  behavior  is  complicated  by  plastic  flow  of  SiO-,  and  surface 
depletion  of  tungsten  from  all  samples.  The  width  of  the  depleted  region 
becomes  larger  with  time.  Cyclic  exposures  of  four  -  thirty  minute  cycles 
were  performed  for  SiO,+68. 5w/oW(H-22)  and  SiO2+60w/oW(H-23)  near 
3840°F  (Tests  1 153  and  1 144  respectively,  Table  9?.  An  increase  in  viscous 
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flow  is  noted  relative  to  uninterrupted  two  hour  exposures  at  the  same 
temperature.  The  amount  of  tungsten  depletion  in  the  cyclic  exposures 
is  also  greater  than  that  observed  in  the  uninterrupted  tests. 


Hf-20Ta-2Mo(I-23) 


Results  of  Hf-20Ta-2Mo(I-23)  alloy  exposures  are 
given  in  Table  9  and  Figures  7,  11,  12  and  14.  One  hour  exposures  indicate 
a  generally  increasing  oxidation  rate  up  to  the  melting  point  of  the  alloy  at 
approximately  3850°F.  This  is  in  general  agreement  with  other  results  for 
this  alloy  (12,  13).  Low  temperature  exposures  between  1200°  and  2700°F 
showed  small  recession  values  despite  the  observation  by  the  supplier  Wah 
Chang,  that  "extensive  oxidation"  takes  place  during  forging  in  air  at  1400°  - 
1800°F.  It  was  estimated  that  a  one  hundred  mil  scale  formed  during  working 
in  air  for  one  hour.  Based  on  present  results  it  must  be  concluded  that  the 
"one  hundred  mil  scale"  formed  during  forging  results  from  the  combined 
effects  of  working,  thermal  cycling  and  oxidation.  The  microstructures 
shown  in  Figures  80-83  are  comparable  to  those  observed  earlier  (12,  13). 

In  all  cases,  the  contaminated  metal  matrix  is  separated  from  the  oxideliy 
a  "subscale11  region  containing  stringers  of  tantalum.  This  feature  is 
clearly  illustrated  in  Figures  81  and  83. 


The  results  of  fifteen  minute  to  two  hour  kinetic  studies 
are  presented  in  Figures  11,  12  and  14  for  small  furnace,  large  furnace  and 
comparative  results.  Protective  behavior  is  observed  at  347 9° F  in  small 
furnace  exposures,  but  rapid  attack  occurs  after  60  minutes  at  3405°F  in  the 
large  furnace.  Four  -  thirty  minute  cycles  at  3312°F  (Test  893,  Table  9) 
resulted  in  accelerated  oxidation.  However,  at  3423°F  (Test  621)  the  oxidation 
rate  was  not  accelerated. 


Summary  of  Furnace  Oxidation  Results 


Based  on  the  results  presented  above  for  oxidation  in  flowing 
air  at  one  atmosphere  for  one  hour,  the  candidate  materials  can  be  ranked 
as  follows: 

The  coated  candidate  materials  Si/RVC(B-8),  Sn-Al/Ta-10W(G- 19) 
and  WSi-/W(G-18)  indicate  temperature  limitations  of  3060°F,  3200°F 
and  345(rF  respectively.  KT-SiC(E-14)  exhibits  low  oxidation  rates  up 
to  3500°F  at  which  point  a  sharp  increase  in  rate  occurs.  S^O,+35w/oW 
(H-24)  exhibits  viscous  flow  at  temperatures  as  low  aB  3000°F7 

Oxidation  rates  for  the  graphite  candidate  materials  RVA(B-5),  PG(B-6), 
BPG(B-7),  FT0178(B-9)  and  AXF-5Q  Poco(B-lO)  are  insensitive  to 
temperature  in  the  range  of  2800°  to  4200°F  but  sensitive  to  air  flow 
rates  between  0.9  and  9.0  ft/sec.  Supply  limited  oxidation  rates  of  0.2- 
0.3  mils/sec  are  observed  for  the  graphites  in  thiB  temperature  range. 

In  general,  materials  containing  HfB,  or  HfC  have  higher  temperature 
limits  than  comparable  materials  containing  ZrB,.  or  ZrC.  The  hyper¬ 
eutectic  carbides  HfC+C(C-ll)  and  ZrC+C(C-12)  exhibit  constant  re¬ 
cession  levels  of  50-100  mils  in  one  hour  tests  at  temperatures  Detween 
1200°  and  4200°F,  with  a  transition  from  puffy  to  adherent  oxides  above 
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3450°F.  JT0992(C-HfC-SiC)  (F-15)  exhibits  s lightly  better  behavior 
than  JT0981(C-ZrC-SiC)  (F-16)  which  in  turn  exhibits  better  high 
temperature  behav*''?  th*n  JTA{C-Z«.B,-3.1C)  (D-i3)  a  it  bough  the  (F-15) 
and  (F-16)  composites  have  low  temperature  inversions  due  to  the  fact 
that  they  do  not  contain  boron.  Hf-20Tg-2Mo(I-23)  is  comparable  in 
behavior  to  JTC981(F-i6)  between  3000“  and  38Q0WF,  but  the  alloy 
melts  near  3850°F.  ZrB,(A-3)  is  also  comparable  to  (F-16)  and  (1-23) 
in  this  range,  but  melts  at  5585°F.  HfB,  ,(A-2)  and  (A-6)  are  more 
resistant  to  oxidation  than  ZrB,(A-3).  2rB,  ,+20%SiC(A-8),  ZrB,+ 
14%SiC+30%C(A- 10)  and  Boride  Z  (A- 5)  are  f&iked  in  order  of  oxidation 
resistance  for  temperatures  up  to  3800  F.  Even  the  least  resistant 
(A-5)  material  is  superior  to  pure  ZrB,(A-3).  However,  all  these 
composites  become  comparable  to  (A-3j  above  3800  F  due  to  rapid 
depletion  of  SiC  which  provides  protection  below  this  temperature. 

The  H£B,+SiC  composites  (A-4),  (A-7)  and  (A- 9)  are  superior  to  the 
ZrB,  composites,  and  exhibit  the  best  overall  behavior  for  the  furnace 
oxidation  conditions  studied.  Below  3900°F,  the  SiO,+W  composites 
(H-22)  and  (H- 23)  also  yield  low  recession  rates,  bur  viscous  flow  occurs 
above  3900°F  and  tungsten  o\idaticn  occurs  below  2700°F,  Above  3900  F, 
the  hyper  eutectic  carbides  (C-ll)  and  (C-12)  become  competitive  with 
the  diborides  and  diboride- silicon  carbide  composites. 

A  summary  of  the  results  of  the  small  furnace  kinetic  studies 
is  presented  in  Figure  84  which  indicates  the  temperature  limits  over  which 
protective  behavior  for  a  two  hour  period  is  observed,  A  simple  summary  would 
be  as  follows:  HfB,  .(A-2)  -  3700®F,  ZrB,(A-3)  “  3400°F,  HfB,  .+SiC(A-4) 
and  (A-7)  -  37906Ff  ‘  ZrB,  ,+SiC(A-8)  -  37%0°F,  ZrB,+SiC+C(A*10)  -  3600°F, 
HfC+C(C-l  l)  -  between  32WT  and  4000°F,  ZrC+C(C-l|)  -  between  3100°  and 
3600°F,  JTA(D- 13)  -  3250°F  (large  furnace)  and  3400  F  (small  furnace),  KT- 
SiC(E-l4)  -  3450°F  (large  furnace)  and  3500°F  (small  furnace),  JT0992(F-15)  - 
3520°F  (large  furnace)  and  3600°F  (small  furnace),  JT0981(F-l6)  -  3390  F 
(large  furnace)  and  3500°F  (small  furnace);  SiO,+60w/oW(H-23)  -  3850  F, 
and  Hf-20Ta-2Mo(l-23)  -  3380°F  (large  furnace) W  3480°F  (small  furnace). 

The  poor  low  temperature  behavior  of  (C-ll),  (C-12)  (F-15),  (F-16)  and  (H-23) 
should  be  kept  in  mind  when  evaluating  these  results. 

Comparison  of  the  recessions  after  two  hour  continuous  exposures 
with  the  results  obtained  following  four  -  thirty  minute  periods  interrupted  by 
cooling  cycles  yielded  similar  results  for  HfB,  ,  (A-2),  ZrB,(A-3),  HfB  +20% 
SiC(A-4),  Si/RVC(B-8),  HfC+C(C-U),  ZrC+cfe±12),  JTA(D=13),  JT099i(F-15), 
JT0981(F-16),  WSi,/W(G-18)  and  Sn-Ai/Ta-10W(C-19).  In  each  case,  the 
exposure  temperature  was  below  the  two  hour  protection  limit  or  the  failure 
temperature  for  coated  materials.  KT-SiC(E-14),  SiO,+68. 5w/oW(H-22), 
SiO,+60w/oW(H-23)  and  Hf-20Ta-2Mo(I-23)  exhibited  nfore  rapid  degradation 
in  the  cyclic  exposures. 

Comparison  of  the  oxidation  rates  in  the  small  furnaces  (7/8  inch 
inside  diameter)  and  the  large  furnaces  (2  inch  inside  diameter)  given  in  Figures 
14  and  15  indicate  no  differences  for  HfB,  ,(A-2)  and  ZrB,(A-3).  However, 
more  rapid  oxidation  was  observed  in  largfe1  furnace  tests  on  HfB-+20%SiC(A-4) 
(compared  with  small  furnace  tests  on  (A-7)),  JTA(D-13),  KT-Sifc(E-14), 
JT0992(F-15),  JT0981(F-16)  and  Hf-20Ta-2Mo(I-23).  These  differences  are 
most  probably  due  to  differences  in  air  supply. 
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in.  argon  inert  tests 

A.  Introduction 


Furnace  exposures  (CG/HW)  have  been  performed  for 
selected  candidate  materials  under  conditions  employed  to  perform  air 
oxidation  tests.  However,  the  exposures  were  performed  in  flowing  argon 
at  O'.  9  ft/sec.  Test  conditions  covered  the  temperature  range  between  3000° 
and  4200°F  for  one  hour  in  the  small  furnaces  (7/8  inch  inside  diameter). 

The  purpose  of  these  tests  was  to  determine  the  effect  of  temperature  ex¬ 
posure  in  the  absence  of  air  on  the  behavior  of  some  of  the  candidate  materials. 
The  results  of  the  argon  inert  tests  are  summarized  in  Table  10,  Material 
recession  and  weight  change  were  determined  by  post-exposure  metallography 
and  gravimetric  techniques.  The  candidate  materials  investigated  were  Si/ 
RVC(B-8),  PTQ178(B-9),  JTA(D-13),  JT0992(F- 15),  JT0981(F- 16),  WSi_/w 
(G-18)  and  SiO2+60^/oW(H-23).  z 

B,  Results  of  Argon  Inert  Test  Exposures 

Reference  to  Table  10  indicates  that  exposures  of  Si/RVC 
(B-8)  in  argon  at  temperatures  up  to  3800°F  caused  little  change  in  one  hour. 

At  4000°F,  however,  most  of  the  SiC  coating  was  removed  during  a  one  hour 
exposure.  The  temperature  limit  of  3060°F  noted  for  this  material  in  air  is 
due  to  the  formation  of  volatile  oxidation  products.  In  argon,  destruction  of 
the  4  mil  SiC  coating  proceeds  via  vaporization. 

Negligibly  small  changes  in  dimensions  and  structure  were 
noted  for  PT0l78(B-9),  JT0992(F-15)  and  JT0981(F-16)  at  temperatures  up 
to  4200  F  in  argon,  as  shown  in  Table  10.  At  4200°F,  JTA(D-13)  resulted 
in  an  internal  structure  which  suggests  melting  of  the  ZrB«-SiC  phases. 

Figures  85  and  86,  showing  post-exposure  microstructures  of  Test  1200, 
illustrate  the  melting  of  (D-13), 

Exposures  of  WSi-/W(G- 18)  at  temperatures  above  3500°F 
resulted  in  melting  of  the  coating,  as  was  observed  in  air.  The  thickness  of 
WgSi-  zones  observed  in  Tests  1203  (3101°F)  and  1205  (3288°F)  after  one  hour 
were<31.28  and  2.20  mils  respectively.  These  values  are  lower  than  those 
observed  after  exposure  in  air  at  one  atmosphere.  Figure  67  indicates 
zone  widths  which  are  nearly  twice  as  large  for  air  exposures  as  those  observed 
in  these  argon  inert  tests. 

The  inert  tests  performed  on  SiO,+60'w/oW(H-23)  at  tempera¬ 
tures  between  3800°F  and  4000° F  showed  evidence  for  SiO,  sublimation  and 
cracking  of  the  specimens  upon  cooling. 
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IV. 


RESULTS  OF  OXYGEN  PICKUP  AND  GAS  ANALYSIS  TESTS 


A,  Introduction 

Sample b  of  JTA(C-ZrB7-SiC)  (D-13),  JT0992(C-H£C-SiC) 

(F- 15),  JT0981  (C-ZrC-SiC)  (F-16),  #Si2/W(G-- 18)  as  well  as  pure  iridium 
and  iridium  alloyed  with  other  platinum  group  metals  were  inductively 
heated  between  2900°F  and  4000°F  during  exposure  to  flowing  mixtures  of 
oxygen  and  helium.  Flow  rates  of  0.2  ft/sec  at  oxygen  partial  pressures  of 
0.  013  to  0.20  atmospheres  and  total  pressures  of  one  atmosphere  were  em¬ 
ployed.  Oxidation  behavior  was  monitored  by  continuously  measuring  the 
rate  at  which  oxygen  was  removed  from  the  stream.  The  measurements  of 
oxygen  pickup  rate  were  complemented  by  continuous  measurements  of  CO 
and  CO,  formation  in  the  case  of  the  graphite  composites.  A  complete 
description  of  the  experimental  procedures  is  given  in  PartH- Volume  II  (JL) 
of  this  series,  along  with  a  detailed  discussion  on  calculation  of  recession 
rates  from  the  data  obtained. 

B.  Results 


The  composition  of  JTA(D- 13)  in  terms  of  measured 
weight  percentages  is  presented  elsewhere  (2).  Conversion  of  the  compositional 
data  to  atom  percentages  (neglecting  the  fact  that  the  weight  data  does  not  add 
up  to  100%)  indicates  that  the  JTA(C-Zr3,-SiC)  (D-13)  composite  contains  74.4 
atomic  per  cent  carbon  and  5.4a/o,  6,2a/o  and  14.0a/o  of  silicon,  zirconium 
and  boron  respectively.  Phases  identified  microstructurally  include  graphite. 
SiC  and  ZrB,  (2).  Table  1 1  summarizes  the  initial  weights  and  dimensions  of 
the  JTA  samples  that  were  oxidized  and  gives  the  conditions  of  temperature, 
pressure,  time  md  flow  rate  employed  in  the  oxidation  experiments. 


A  derivation  of  the  expression  for  S,  the  signal  from 
the  thermal  conductivity  cell,  is  given  in  PartU-Volume  II  (JL)  as; 

.Ico]  (l) 

4>  ‘  IMCO  MO,  2MCOJ 


where  w  and  M  are  the  weights  per  unit  time  and  molecular  weights  of 
specie  xMapectxvely,  k.  is  a  calibration  constantamd  <j>  is  the  volume  flow 
rate.  This  relation  applies  for  carbon- containing  samples  ouch  as  the  JT- 
compositea.  In  Figure  87,  the  quantity 


"O,  sol 


iUCO 


2 

in  molee/crn  is  plotted  against  time.  The  data  points  were  obtained  by  in¬ 
tegrating  the  experimental  rate  curve  over  time,  and  are  based  on  the  initial 


Sui-Lave  area.  The  reaction  rate  at  2900“F  and  11.9  Torr  (Sample  XXVIII- 
28,  Table  11)  is  apparently  linear.  The  measured  recession  for  this  sample 
observed  by  sectioning  and  metallographic  measurements  is  17  mils  from 
change  in  length  and  18  mils  from  change  in  diameter.  Hence,  the  ratio  of 
initial  to  final  surface  area  is  1.49.  On  the  basis  of  a  linear  rate  law,  all 
the  points  can  be  corrected  for  surface  area  as  shown  in  Figure  87,  The 
corrected  points  still  fall  on  a  straight  line,  but  of  higher  slope  than  the 
original  curve. 

The  observed  (uncorrected)  reaction  rate  of  JTA  at 
2910°F  and  40.4  Torr  (XXVIII-33)  appears  to  decrease  considerably  with 
time.  The  measured  recession  of  18  mils  based  on  length  and  25  mils  based 
on  diameter  corresponds  to  a  ratio  of  initial  to  final  surface  area  of  1.68. 

The  deviation  from  linearity  is  still  apparent  in  the  linearly  corrected  points 
plotted  in  Figure  87,  although  it  is  not  as  pronounced  as  in  the  original  data. 

In  Figure  88,  a  parabolic  plot  of  the  corrected  points  is  shown.  Tlie  parabolic 
rate  law  appears  to  be  followed  to  an  excellent  approximation  over  the  period 
of  observation. 

Qualitatively,  (Sample  XXVII1-28),  (2900°F  and  11.9  Torr) 
was  covered  with  a  very  thick  cage-like  oxide  that  fractured  away  from  the 
sample  in  large  chunks  on  cooling.  JTA  XXVIII-33,  exposed  at  about  the  same 
temperature  at  a  higher  oxygen  pressure,  40.4  Torr,  also  oxidized  extensively. 
A  thick  white  oxide  was  observed  on  the  curved  aides  of  the  cylindrical  sample, 
and  a  thinner  dark  grey,  slightly  glassy  oxide  was  seen  on  the  two  flat  faces. 

The  quantitative  difference  in  behavior  between  XXVIII- 
28  and  XXVIII-33  is  apparent  in  Figure  87.  At  the  higher  pressure  (XXVIII-33) 
the  initial  rate  of  oxidation  is  higher,  but  the  rate  definitely  drops  off  with  time. 
The  total  extent  of  oxidation  corrected  for  surface  area  is  equal  for  the  two 
samples  after  approximately  one  hour.  Extrapolation  beyond  one-hour  would 
suggest  greater  oxidation  resistance  over  an  extended  period  at  the  higher 
pressure.  If  the  effect  of  increased  pressure  is  to  accelerate  the  for¬ 
mation  of  a  protective  film,  then  one  might  expect  to  observe  deviations 
from  linearity  at  longer  times  at  10  Torr  and  very  early  at  150  Torr  at 
the  same  temperature. 

At  a  temperature  of  3740°F  and  oxygen  partial  pressure 
of  11.9  Torr  (XXVII-31),  the  results  might  have  been  influenced  by  reaction 
with  the  thoria  support  rods.  The  recession  rate,  calculated  from  a  linear 
extrapolation  of  the  carbon  consumption  data,  is  given  in  Table  11.  Table  11 
also  gives  the  number  of  moles  of  used  to  form  CC>2>  CO,  and  solid  oxides, 
respectively.  The  major  product  is  seen  to  be  CO. 

A  series  of  tests  run  at  3663°F  (Tests  XXIX-8,  12,  17, 

20  and  22,  Table  11)  gave  calculated  recession  rates  as  high  as  500  mil/hour. 
Reference  to  Figure  5  shows  that  JTA(D- 13)  exhibits  a  rate  near  200  mil/hour 
at  this  temperature  in  furnace  tests. 


18 


2. 


JT0992(F-15) 


The  composition  of  JT0992(F-15)  in  terms  uf  measured 
weight  percentages  was  presented  elsewhere  (2).  Conversion  of  the  com¬ 
positional  data  to  atom  percentages  indicates  tRat  the  JT0992(F-15)  (C-HfC- 
SiC)  composite  contains  79.1  atomic  percent  carbon,  11.8  atomic  percent 
silicon  and  9.0  atomic  percent  hafnium.  Phases  identified  microstructurally 
include  graphite,  SiC  and  HfC  (2).  Table  12  summarizes  the  oxygen  pickup 
data  for  JT0992(F- 15).  Figure~89  shows  the  integrated  rate  curve  for  JT0992 
(F-15)  sample  XXVIII- 37  exposed  at  2950°F  and  a  partial  pressure  of  40. 1 
Ibrr  of  oxygen.  When  the  ordinate  is  negative,  the  number  of  moles  of  O, 
consumed  in  the  formation  of  CO  exceeds  the  sum  of  the  number  of  moleB  of 
Op  used  to  form  both  CO^  and  solid  oxides.  The  maximum  in  Figure  89  may 
indicate  that  solid  surface  oxide  is  building  up  and  acting  to  retard  the  oxidation 
of  carbon  to  CO. 


In  Figure  90,  data  obtained  at  40,5  Torr  at  higher 
temperatures,  3470  and  3550°F,  are  plotted.  The  3470°F  data  seem  to  be 
controlled  initially  by  rapid  evolution  of  CO,  and  ultimately,  by  a  linear 
oxidation  process.  The  strong  negative  peak  is  not  seen  in  the  3550°F  data, 
but  the  period  of  linear  increase  is  followed  by  a  plateau,  where  CO  evolution 
may  be  causing  rupture  of  a  solid  oxide  film,  and  finally  by  another  period 
of  Linear  rate  that  may  represent  repair  of  a  solid  oxide  film.  The  relative 
proportion  of  CO,  in  the  product  is  much  higher  at  3470°F  than  at  2950°F  for 
an  oxygen  pressure  of  40  Torr  (Table  12). 

On  the  basis  of  the  calculated  recessions  of  14.7  and 
21.2  mils/hr.,  for  XXVIII-47  and  XXV1II-50,  respectively,  the  ratios  of 
initial  to  final  surface  areas  are  1.25  for  XXVIII-47  and  1.44  for  XXVIII-50. 
Correction  for  surface  area  changes  would  remove  the  apparent  curvature 
in  the  regions  of  increasing^ordinate  in  Figure  90,  and  the  rates  at  these  high 
temperatures,  around  3500°F  may  be  taken  as  linear.  Near  2950°F,  the  oxi¬ 
dation  rate  for  sample  (XXVIII- 37)  decreases  with  time  and  may  be  assumed 
to  be  parabolic,  or  possibly  even  logarithmic.  Qualitatively,  the  extensive 
oxidative  degradation  near  3500°F  prevented  observation  of  meaningful  weight 
change  data  after  oxidation.  By  contrast,  at  2900  and  2950°F  the  oxidation 
resistance  was  excellent. 

3.  JT0981(F-16) 

The  composition  of  JT0981(C-ZrC-SiC)  (F-16)  com¬ 
posite  in  terms  of  measured  weight  percentages  was  presented  elsewhere  (2), 
Conversion  of  the  compositional  data  to  atom  percentages  indicated  that  the 
composite  contains  81.5  atomic  per  cent  carbon,  6.6  atomic  per  cent  zirconium 
and  12.2  atomic  per  cent  silicon.  Phases  identified  microstructurally  include 
graphite,  SiC  and  ZrC  (2). 

Table  13  summarizes  the  experimental  data  on  JT0981 
(F-16),  The  data  obtained  nea:r  2935°F  at  10  and  40  Torr  are  plotted  in  Figure 
91;  the  data  obtained  near  3550°F  at  the  same  two  pressures  are  plotted  in 
Figure  92.  At  10  Torr,  oxidation  of  carbon  to  CO  seems  to  be  the  dominant 
process.  At  40  Torr,  the  number  of  moles  of  0^  going  into  CO^  and  solid 


oxides  increases  relative  to  that  going  into  the  formation  of  CO.  These 
conclusions  are  also  confirmed  by  daUt  given  in  Table  13.  Around  2935°F, 
the  rate  of  reaction  definitely  decreases  with  time.  The  data  of  Figure  91 
are  replotted  on  a  parabolic  basis  as 
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WCO  *1  2 
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time  in  Figure  93.  The  over-all 
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reaction  rate  is  seen  to  be  dropping  more  rapidly  with  time  than  predicted  by 
the  parabolic  rate  equation,  indicating  a  highly  protective  oxidation  mechanism. 
Near  355CT  F  recession  rates  would  be  expected  to  be  linear  on  the  basis  of 
the  data  in  Figure  92. 

4,  Calculated  Recession  Rates  for  the  JT-Composites 

The  recession  rates  listed  in  Tables  11-13  were  cal¬ 
culated  on  the  assumption  that  the  rate  controlling  factor  is  the  oxidation  of 
carbon.  The  amount  of  carbon  initially  present  in  each  sample  can  be  cal¬ 
culated  from  (he  initial  weights  given  in  the  tables  and  the  carbon  analyses 
listed  above.  The  percentage  of  carbon  converted  to  oxide  can  then  be  obtained 
from  the  net  carbon  consumption  data  in  the  tables. 

If  x  represents  the  net  sample  recession,  and  if  the 
initial  volume  Vo  of  the  sample  is  given  by: 

Vo  =  21  v  2  h  (2) 

o  o 

then  the  final  volume  V  may  be  written  as: 

V  =  Zv  <ro-x)Z  (h0-2x)  (3) 

The  fractional  decrease  in  volume  then  becomes: 


Vo-V 
~V5 - 
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If  we  equate  with  the  percentage  of  carbon  consumed,  as  given  in  Tables 

11-13,  we  may  calculate  values  for  x,  the  net  sample  recession.  The  latter 
results  are  contained  in  Tables  11-13  for  comparison  with  metallographic  obser¬ 
vation. 

5.  WSi,/W(G-18) 


The  data  on  WSi,  coated  W  is  summarized  in  Tables 
14  and  15.  Figure  94  is  a  plot  of  totaloxygen  consumption,  in  g/ern  ,  vu. 
time  for  run  XXV111-55.  This  run  was  aimed  at  determining  the  failure 
temperature  for  the  WSi^/W  system  at  10.7  Torr.  The  sample  was  heated 
to  3055°F,  maintained  tnht  temperature  for  an  hour,  and  was  then  heated 
successively,  without  intermediate  cooling  to  3210,  3285,  3375,  3440,  3510, 
and  4045®F.  A  protective  film  iB  apparently  established  rapidly  at  3055aF, 


and  subsequent  growth  is  very  slow  and  essentially  independent  of  temperature 
up  to  32^5°F.  At  3375°F.  a  definite  increase  in  onidauuu  rate  was  noticed. 

At  3440-F,  a  pronounced  increase  in  oxidation  rate  occurred  immediately 
upon  raising  the  temperature.  However,  the  curvature  with  time  indicates 
that  the  rate  was  beginning  to  slow  down,  and  that  a  protective  film  might 
have  been  re-established,  perhaps  to  be  ruptured  again  by  evolution  of  gaseous 
oxides  formed  at  the  oxide/coating  interface.  At  3510  and  4045°F,  rapid 
linear,  nonprotective  oxidation,  characteristic  of  definite  failure  is  seen. 

The  failure  temperature  at  10  Torr  thus  lies  between  3440°F  and  3510°F, 
probably  closer  to  3440°F, 

Data  from  a  150  Torr  failure  run  (XXVIII-58)  are 
plotted  in  Figure  95.  Protective  oxidation,  characterized  by  rapid  build-up 
of  a  silica  film,  and  exceedingly  slow  subsequent  oxide  growth,  approximately 
independent  of  temperature  is  noted  at  3320  and  3475°F,  When  the  r.f.  fj^wer 
was  increased  for  the  next  step,  the  temperature  climbed  rapidly  to  3805°F, 
and  the  protection  was  lost.  The  failure  point  at  150  Torr  thus  appears  to  be 
greater  than  3475°F  but  less  than  3805°F, 

For  run  XXVIII-68,  at  3280°F  and  149  Torr,  one  would 
have  expected,  based  on  the  results  obtained  with  XXVIII-58,  protective  oxi¬ 
dation,  and  low  total  oxygen  consumption.  The  actual  experimental  results, 
plotted  in  Figure  96  do  show  eventual  highly  protective  oxidation,  but  only 
after  close  to  0.  2  g/cm^  of  oxygen  had  been  consumed,  compared  to  0. 006 
g/cm 2  under  comparable  conditions  shown  in  Figure  95.  If  the  coating  in 
XXVIII-68  had  pin  holes  or  if  the  coating  composition  were  W-Si,  or  W,Si 
for  XXVIII-68  and  closer  to  WSl^for  XXVIII-58,  the  results  might  be  ex¬ 
plained.  In  a  3370°F  run  at  150'Torr  shown  in  Figure  96  oxidation  is  seen 
to  be  linear  and  catastrophic.  A  decreasing  temperature  is  probably  re¬ 
sponsible  for  the  last  points  lying  off  the  line. 

In  runs  XXVIII- 70  and  X^VIII-72,  also  plotted  in 
Figure  96,  the  oxidation  is  seen  to  be  linear,  indicating  the  continual  evo¬ 
lution  of  SiO(g)  and  the  failure  to  form  a  protective  SiO-(s)  film  at  all. 

Recessions  in  Table  14  were  calculated  on  the  basis  of  The  assumed  reaction: 

WSi2  +  |  02  -  W03(g)  +  2SiO(g)  (5) 

Table  15  summarizes  the  results  of  single  exposure 
experiments  at  oxygen  partial  pressures  of  10  Torr  and  14£  Torr.  T£he 
above  results  indicated  failure  temperatures  between  3400  and  3500°F  at 
10  Torr  and  between  3450°  and  3550°F  at  150  Torr,  These  values  were 
obtained  on  samples  which  were  exposed  at  a  series  of  ascending  temperatures. 

In  the  single  exposure  experiments.  Test  XXIX-43  shows  the  onset  of  failure 
at  3460°F  at  10  Torr,  while  Test^  XXIX- 53  and  57  define  the  one  atmosphere 
failure  temperature  at  about  3500°F,  Figures  97-100  show  post-exposure 
macrophotographs  of  the  WSi,/w(G-18)  samples  as  well  as  the  appearance  of 
the  WcSi,  zones  formed  at  3370°F  in  one  hour.  Reference  to  Figure  67  shows 
that  tlfe  oxygen  pressure  does  not  influence  the  width  of  the  zone,  and  that  the 
widths  obtained  in  these  tests  agree  quite  well  with  those  of  Bartlett  and  Gage  (11), 

Discussion  of  the  oxidation  of  WSi,  must  take  into  account 
the  different  mechanisms  that  are  operative  in  the  protective  and  nonprotective 
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ranges.  The  remarkable  oxidation  resistance  of  W Si^  up  to  Sluu^F  in  air 

oi  pure  oxygen  has  been  ascribed  (14),  (15)  to  the  rapid  formation  of  a 

slow-growing,  self-healing  film  of  pure  SiC>2.  The  oxidation  reaction 

on  the  bare  WSi~  surface  is  probably; 
c 

WSi2  +|  02  -*  W03(g)  +  2SiOz(s)  (6) 


Once  a  coherent  silica  film  has  formed,  further  growth  may  depend  upon 
diffusion  of  oxygen  to  the  Si02/WSi- interface.  It  is  generally  believed  that 
silicon  is  then  oxidized  preferentially,  so  that  the  reaction  at  the  interface 
becomes: 

WS12tl02-*-5  W5S13+IS1°2  <7> 

As  oxidation  proceeds,  layers  of  W„Si  and  eventually  even  pure  W  should 
develop  beneath  the  silica  film.  The  primary  factor  controlling  the  over-all 
recession  of  the  coated  system  should  be  reaction  (6),  since  it  is  much  more 
rapid  than  reaction  (7)  and  results  In  greater  silicide  consumption.  If  wQ 
is  the  measured  oxygen  consumption  (g/cm^),  then  d, the  WSi2  recession 
in  mils,  based  on  reaction  (6)  is  given  by:  '  '  4 


to  cSnruIate  recession  values  for  those  experiments  listed  in  Table  14  where 
rapid  initial  oxidation  followed  by  a  flat  protective  region  was  observed.  Sub¬ 
sequent  recession  d^,  via  reaction  (7)  will  be  given  by: 


d(2j=43.9w0  (9) 

Equation  (9)  was  used  to  convert  oxygen  consumption  data  to  recession  data 
for  measurements  made  within  the  protective  region, 

Nonprotective  oxidation  of  WSi_  is  associated  with  two 
related  phenomena:  (1)  failure  to  form  an  Si02  film  all  low  oxygen  pressures, 
and  (2)  rupture  of  an  already  existing  Si02  film  by  SiO(g)  evolution,  Analagous 
behavior  has  been  observed  for  pure  silicon  (16),  and  the  problem  has  been 
analyzed  in  detail  by  Wagner  (17).  Wagner’s  analysis  should  also  be  applicable 
to  silicidcs  if  the  lowered  silicon  activity  is  taken  into  account.  Silicon  forms 
one  stable  solid  oxide,  SiOJa),  and  a  gaseous  oxide,  SiO(g).  If  pgi0,  the 
pressure  of  SiO(g)  at  the  surface  of  a  silicide  of  activity  a  is  less  than  the 
equilibrium  partial  pressure  Pg^0(eqj  ^or  the  reaction:  ° 
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{10) 


1/2  Si  (as.)  +  l/2  SiO,(s)  =  SiO(g) 


the  condensed  oxide  will  not  form.  (In  general  will  represent  the 
pressure  of  v  at  the  eclid  suilace.)  The  conditio'ft  for  a  protective  SiO,(s) 
film  to  form,  or  in  Wagner's  terminology,  the  point  of  transition  between 
active  and  passive  oxidation  is: 


pSiO  =  pSiO  (eq)  (11) 

Since  oxygen  should  react  readily  at  a  bgre  silicide  surface,  oxidation  in  the 
active  region  will  be  characterized  by  p-  <<p~  where  pq^  is  the  oxygen 
partial  pressure  in  the  ambient  gas  stream.  Friftn  boundary  layer  theory 
(18),  ra^  ,  the  rate  of  transport  of  oxygen  towards  the  surface  will  be  given  by: 

2D0  C°0 

dil  (atoms/cm2- sec)  =  - 2  — •  —  (12) 

°2 

where  the  negative  sign  denotes  motion  towards  the  surface,  D_  is  the 
diffusion  coefficient  for  O,  molecules,  Cl  =  pq^/RT  and  Y<?the 
boundary  layer  thickness  for  mass  transput  of  ufc.  Similarly,  the  rate  of 
transport  of  oxygen  away  from  the  surface  as  SiO(g)  is  given  by: 

* 

Aq  =  PSiO  CSiO  (13) 

8SiO 

In  the  steady  state,  there  will  be  no  net  oxygen  transport,  and  therefore,  we 
will  have 


CSiO  = 


2  “sio^o^  <Doy 


Wagner  approximates  the  ratio  of  the  boundary  layer  thicknesses  by: 

(®SiO  a  ^PSiO^P0^  *  Then,  sotting  Pqiq  =  Psiofeo.)’  finally 

solves  for  the  maximunr  ambient  oxygen  pressure  compatfoxe  with  a  bare 
silicide  surface: 

p°2  (max)  S  l/2(^-]  pSiO(eq)  *  °* 4  pSiO(eq)  (15) 

The  ratio  of  diffusion  coefficients  is  estimated  by  Wagner  as  (Psin/^o  )  c  0.64. 
The  equilibrium  pressure,  Pqio(e<j)'  *or  roac^on  (10)  is  plotteain  Figure  101 
as  a  function  of  temperature  loTrvarious  activities  of  silicon,  Calculations  were 
based  on  the  data  given  in  the  JANAF  Tables  (19).  The  activity  of  silicon  in 
WSi,  is  not  known,  but  may  be  estimated  by  comparison  with  activities  in  the 
Mo-oi  system.  For  MoSi,,  a„,  lies  between  0,  1  and  lj  for  Mo-Si,,  0.005  <  a-, 
<0.1,  and  for  Mo^Si  ag,  »  0.tfiX4,  The  activities  in  the  W-Si  system  are  ex¬ 
pected  to  be  lower  by  aoout  a  factor  of  two. 
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If  wo  eo Lunate  a„.  ~  U.  1  for  WSi^,  then  at  an  ambient 
oxygen  pressure  of  10  Torr  (0.013  atmT,  we  find  from  Figure  101  that  active 
or  nonprotective  oxidation  should  be  observed  on  the  bare  silicide  surface 
at  temperatures  above  3022  F,  where 


%io(.q)  *  ifrr  ■  °-03atm 

Experimentally,  passive  oxidation  was  observed  at  3055°F  (XXVIII-55), 
active  oxidation  at  3355°F  (XXVIII-70),  At  an  ambient  oxygen  pressure  of 
0.2  atm,  corresponding  to  air,  active  oxidation  is  predicted  at  temperatures 
above  3600°F, 


There  is  a  hysteresis  in  the  transition  point  between 
active  and  passive  oxidation.  The  above  discussion  was  concerned  with  the 
failure  to  form  a  protective  silica  film  as  a  function  of  ambient  oxygen  pressure. 
Once  an  Si02(s)  film  has  been  formed,  the  ambient  oxygen  pressure  may  be 
permitted  toTfall  well  below  pQ  (max)  before  oxidative  protection  is  lost. 
Wagner's  analysis  (17)  gives  fife  lowest  umbient  oxygen  pressure  p~  (min) 
at  which  a  layer  of  SIt)2  formed  at  higher  pressure  is  stable.  The  Imal 
equation  is: 

pQ  (min)  a  l/2t(l/4)2/3  +  (l/2)Z/3)  K2/3  ^9  (16) 

2  02 

where  K  is  the  equilibrium  constant  for  the  reaction: 

SiOz(s)  -  SiO(g)  +  l/z  02(g)  (17) 


Values  of  pn  (min)  based  on  JANAF  thermodynamic  data  are  plotted  against 
103/T  in  Fig&re  102,  According  to  Figure  102,  even  at  4000°F,  a  silica  film 
once  formed  should  be  stable  down  to  oxygen  pressures  of  4.7  Torr. 

Wagner's  development  is  concerned  with  the  effect  of 
reducing  the  oxygen  pressure  at  constant  temperature  after  a  silica  film  haa 
formed  at  that  same  temperature.  A  problem  of  equal  importance  in  practice 
is  the  stability  of  a  silica  film  with  increasing  temperature.  If  a  protective 
SiO.  film  is  grown  on  the  surface  of  a  silicide  at  some  oxygen  pressure,  and 
the  Temperature  is  raised  while  maintaining  the  pressure  constant,  SiO(g)  can 
be  formed  via  reaction  (17)  at  the  silici.de/oxide  interface.  If  the  equilibrium 
SiO(g)  pressure  becomes  the  same  order  of  magnitude  aB  the  ambient  pressure, 
evolution  of  SiO(g)  and  consequent  film  rupture  may  be  anticipated.  If  ag,  =  0.1, 
then  the  SiO(g)  pressure  at  the  silicide/SiOJs)  interface  will  become  of  The  order 
of  one  atmosphere  at  a  temperature  around  j785°F,  The  experimental  failure 
point  was  closer  to  3600°F,  It  should  be  noted  that  eutectic  melting  occurs  in 
this  sytem  at  3650°F» 
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6. 


Iridium-Base  Alloys 

The  oxidation  behavior  of  a  series  of  eight  iridium 
and  iridium-base  alloys,  prepared  by  n_  p.  Harmon  of  Aerojet  General 
Cory. ,  Sacramento,  California  (20),  was  evaluated  by  means  of  the  gas 
analysis  technique  (1^  21).  A  recorder  tracing  for  the  oxidation  of  an  Ir- 
Rh-Re  sample  is  reproduced  in  Figure  103.  The  rate  of  oxygen  pickup  by 
the  reacting  sample  in  g/min  of  oxygen  consumed,  is  given  as  a  function  of 
time.  Similar  curves  were  obtained  in  every  experiment.  The  rate  of 
oxidation  of  all  the  alloys  under  study  was  observed  to  rapidly  reach  a 
maximum  level  and  then  to  remain  linear  for  time  periods  that  varied  from 
5-30  minutes.  Subsequently,  the  rate  began  to  drop  with  time,  often  in  the 
step  wise  manner  illustrated  in  Figure  103.  Since  the  oxides  of  the  platinum 
metals  are  known  to  be  highly  volatile  at  the  temperatures  of  the  present 
series  of  experiments,  the  rate  of  oxidation  is  expected  to  be  independent 
of  time.  Consequently,  the  cause  of  the  observed  decrease  in  rate  is  pre¬ 
sently  unknown.  However,  even  the  initial  linear  rate  is  low  compared  to 
the  true  surface  reaction  controlled  rate.  Consequently,  it  is  possible  that 
the  apparent  drop  in  rate  with  time  is  due  to  changes  In  the  pattern  of  flow 
of  metal  oxides  away  from  the  surface  and  oxygen  towards  the  surface. 

Table  16  summarizes  the  experimental  runs  completed. 
Initial  sample  weights  and  dimensions  and  the  experimental  conditions  main¬ 
tained  during  oxidation  are  given.  Sample  surface  temperatures  were  measured 
through  an  optical  window  with  a  micro- optical  disappearing  filament  pyrometer. 
A  combination  window  correction  and  pyrometer  calibration  was  determined  by 
viewing  a  G.E.  standard  lamp  with  the  pyrometer  through  the  same  optical 
window.  A  further  correction  is  necessary  for  the  emittance  of  the  oxidizing 
sample.  In  one  experiment  an  iridium  sample  was  heated  in  pure  helium, 
flowing  at  a  rate  of  0. 1  ft/sec  to  the  point  of  incipient  melting.  The  observed 
brightness  temperature  at  this  point  was  3596°Ft  Application  of  the  window 
correction  brings  the  brightness  temperature  to  3686°F,  Using  the  melting 
point  of  pure  iridium  (20),  4430°F,  as  the  true  temperature  of  the  sample, 
the  emittance  <  at  the  melting  point  can  be  calculated  from  Equation  18  (22); 


where  X  is  the  wave  length  at  which  the  pyrometer  operates  (X  »  Q.65p  a  6.5 
x  10'5  cm  in  these  experiments)  C,  is  a  constant  equal  to  2,588  cm°R;  T°R, 

(T  F  +  460)  is  true  temperature  an<f  T.  °R  is  brightness  temperature  (corrected 
for  window  or  other  extraneous  opticareffects),  The  resulting  value  is  «  e  0,  23. 

This  emittance  value  is  significantly  lower  than  the  value  quoted  in  the 
literature  («a0.30  at  0,6!5p).  As  indicated  in  the  discussion,  the  latter  was 
used  to  calculate  the  corrected  temperatures  listed  in  Table  16  from 
observed  brightness  temperatures. 

The  recessions  given  in  the  last  column  of  Table  16  are 
based  on  the  initial  (maximum)  observed  net  oxygen  consumption  rates.  In 
order  to  convert  from  oxygen  consumption  to  metal  recession  it  is  neceasary 
to  have  some  information  about  the  stoichiometry  of  the  oxidation  reaction. 
Furthermore,  this  measurement  is  not  sensitive  to  the  vapor  species  formed 
at  the  hot  sample  surface,  but  rather  to  the  solid  phases  which  condense  from 
the  vapor  onto  the  cool  wallB  of  the  apparatus.  The  distinction  is  important 


if  condensation  occurs  with  release  or  take  up  of  oxygen. 


In  experiment  XXVI1I-1  on  pure  Ir  the  measured  rate 
of  oxygen  consumption  is  5,62  x  10~4  g/min  or  3,5  x  10_5  gm. atoms  of  O/min. 
The  weight  loss,  assuming  linearity  with  time  is  6,80  x  10'3  g/min  or  3,54 
x  10-5  gm. atoms  of  Ir/min.  Thus,  the  net  oxidation  condensation  reaction 
observed  seems  to  involve  iridium  and  oxygen  in  the  atom  ratio  of  1:1,  The 
metal  recession  rates  were  calculated  on  this  basis  for  all  of  the  materials 
studied,  assuming  preferential  oxidation  of  iridium  in  every  case. 

Table  17  summarizes  the  dimensional  changes  observed 
in  post-exposure  metallographic  analysis.  Although  a  number  of  these 
samples  showed  nonuniform  recessions,  there  was  no  indication  of  pre¬ 
ferential  oxidation. 

C,  Discussion  of  Results 

Near  2900°F  the  oxidation  of  JTA(D-13)  was  found  to  be  linear 
at  a  pressure  of  11,9  Torr  and  parabolic  at  a  pressure  of  40.4  Torr  (Figures 
87  and  88),  In  both  cases,  the  calculated  recessions  contained  in  Table  11 
were  19.7  mils  in  relatively  good  agreement  with  the  observed  recessions. 

It  appears  that  as  the  pressure  increases,  protective  oxidation  takes  place 
due  to  formation  of  an  oxide  coating.  Thus,  at  2900°F,  one  would  expect 
lower  one  hour  recessions  at  higher  pressures.  This  finding  is  in  agreement 
with  the  result#  of  air  oxidation  tests  216  and  217  (Table  7)  which  resulted 
in  3  mil  and  6  mil  recessions  after  one  hour  at  2813°F  and  31 10°F.  At  3740°F 
(Test  XXVIII-31,  Table  11)  the  oxidation  rate  is  linear  and  corresponds  to  a 
computed  value  of  55,5  mils  and  observed  values  of  160-170  mils  in  one  hour. 
These  results  are  to  bn  compared  with  supply  limited  rates  of  200  mils  in 
60  minutes  observed  in  1  l't/sec  air  oxidation  tests  (Figure  5)  and  Mach  0,3, 

1  atmosphere  recessions  of  60  mils  in  30  minutes  (Reference  7).  The  higher 
rate  at  3740°F  is  due  to  breakdown  of  protective  oxidation  and  an  approach 
to  graphite  behavior,  Thus,  at  higher  oxygen  pressure  (Test  XXVIII-74, 

Table  11)  still  higher  recession  rates  corresponding  to  500  mil/hr  levels  are 
seen.  In  all  of  these  exposures,  the  supply  of  oxygen  exceed  the  removal  rate. 
Thus,  the  oxidation  was  not  supply  limited. 

The  present  results  for  JT0992(F-15)  in  Table  12  indicate  that 
protective  oxidation  occurs  at  2900  and  2950°F  for  exposures  at  10.3  and  40.1 
Torr  of  oxygen  (Figure  89),  Calculated  and  observed  rates  are  in  general  agree¬ 
ment  with  results  obtained  by  Air  Oxidation  Tests  (Figure  6),  In  addition,  the 
observed  recession  levels  of  1-3  mils  in  one  hour  are  in  keeping  with  arc  plasma 
exposures  at  Mach  3,2  and  oxygen  partial  oressures  in  the  range  1-4  Torr  (see 
Reference  7),  At  temperatures  near  3500°F,  the  oxidation  of  JT099Z(F-15)  is 
not  protective.  The  conversion  depth  at  3580°F  and  149  Torr  (sample  XXVIII-62) 
corresponds  to  a  rate  near  300  mils  in  one  hour.  In  all  cases,  the  oxygen  supply 
exceeded  the  quantity  which  reacted  with  the  sample.  The  foregoing  rate  is 
higher  than  observed  in  Air  Oxidation  testa  (Figure  6).  Arc  plasma  tests  at 
Mach  0.3  at  one  atmosphere  yield  recession  rates  of  1000  mils  in  30  minutes 
at  3500°F  (7). 


The  behavior  o t  JT0981(F-16)  is  quite  similar  to  JT0992(F-15) 
in  these  tests  as  showi^in  Table  13  and  Figures  91  and  92.  Protective  oxi« 
dation  is  noted  at  2900°F  yielding  rates  of  1-6  mils  in  one  hour  which  are 
comparable  with  the  results  shown  in  Figure  6  for  oxidation  in  air.  The 
JT0981(F-l6)  exposures  reported  in  Table  13  were  not  supply  limited.  For 
WSi,/W(G-18),  at  an  oxygen  partial  pressure  of  10  Torr,  a  protective  silica 
film  can  be  formed  at  a  temperature  of  3175°F.  The  protection  is  then  lost 
when  the  temperature  is  raised  to  the  3600-3670°F  range.  At  3495  and  3560°F 
and  10.6  Torr,  a  silica  film  fails  to  form  at  all  and  the  oxidation  is  linear 
due  to  continual  evolution  of  SiO.  At  an  oxygen  partial  pressure  of  150  Torr, 
results  were  highly  variable.  In  one  experiment  protective  oxidation, 
characterized  by  rapid  build-up  of  a  silica  film  after  an  oxygen  pickup  of  0.006 
g/cm2  was  noted  at  3450°F,  and  the  protection  was  retained  at  3635°F,  In 
another  experiment  at  the  same  pressure,  the  protective  film  was  not  estab¬ 
lished  until  0.2  g/cm2  of  oxygen  had  been  consumed.  At  3520°F,  linear 
catastrophic  oxidation  was  noted. 


The  protective  oxidation  of  WSi,  is  discussed  in  terms  of  an 
initial  stoichiometric  reaction  to  form  WOJg)  and  SiO-(s),  and  ultimate  pre- 
ferential  oxidation  of  silicon  with  the  formation  of  W- £»!.,,  W-Si,  and  finally 
W  at  the  oxide-alloy  interface.  The  nonprotective  ojflddtion  of  WSi,  is  dis¬ 
cussed  in  terms  of  two  related  phenomena:  (1)  the  failure  to  form  an  SiO*' 
film  at  all  low  oxygen  pressures  due  to  the  establishment  of  a  boundary  layer 
of  SiO(g)  that  limits  oxygen  access  to  the  surface  and  (2)  the  rupture  of  an 
already  existing  SiO,  film  by  evolution  of  SiO{g)  at  the  oxide  filicide  inter¬ 
face. 


The  present  results  indicate  that  one  atmosphere  failure  occurs 
near  3500°F  in  good  agreement  with  the  air  oxidation  tests  (Figure  5,  Table 
8)  which  suggest  failure  at  3500°F.  Arc  plasma  exposures  at  one  atmosphere 
and  Mach  0,3  (7)  showed  no  failures  up  to  3210°F.  By  contrast,  high  velocity 
CG/HWo tests  at" Lockheed  (6)  performed  at  one  atmosphere  indicates  failure 
at  3680°F,  However,  failures  were  noted  after  5  minutes  of  arc  plasma 
exposure  at  Mach  3.2  and  24  Torr  oxygen  pressure  at  3635°F  (7).  The 
latter  result  is  in  fair  agreement  with  the  present  10  Torr  findings. 

The  rates  of  oxidation  of  iridium  metal  reported  here  are 
compared  with  literature  values  in  Table  18.  The  rates  obtained  in  the  present 
work  seem  to  be  limited  by  mass  transport  in  the  vapor  phase,  Rexer’s 
results  at  4040°F  (26),  oxygen  pressures  of  142  and  710  Torr,  prodict  a 
reaction  controliedTate  at  400  Torr  of  120  mils/hr,  a  factor  of  more  than 
ten  higher  than  presently  observed.  The  influence  of  mass  transport  on  the 
observed  rates  can  only  be  checked  by  studying  the  oxidation  reactions  as  a 
function  of  temperature,  flow  rate  and  sample  size.  It  is  quite  possible  that 
even  the  comparative  ranking  of  materials  might  be  different  under  true 
reaction  controlled  conditions.  However,  if  these  results  are  taken  to  be 
representative  of  the  oxidation  behavior  independent  of  temperature,  flow 
rate,  etc.,  then  Table  16  suggests  that  rhodium  additions  enhance  the  oxi¬ 
dation  resistance  of  iridium,  while  platinum  and  rhenium  confer  only  moderate 
enhancement  and  osmium  reduces  the  oxidation  resistance.  Table  16  Hots 
the  melting  temperatures  of  these  alloys  as  well  as  their  melting  temperatures 
in  the  presence  of  carbon  (20).  Reference  to  these  values  indicates  that  while 
rhodium  increases  the  oxidation  resistance,  it  lowers  the  temperature  of  the 
iridium- carbon  eutectic.  Platinum  behaves  in  a  similar  fashion.  On  the  other 
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(land,  rtienium  additions  raise  the  iridium- carbon  eutectic  temperature. 


The  emittance  value  of  0.Z3  determined  in  this  work  is 
somewhat  low  compared  to  other  values  in  the  literature.  Table  19,  taken 
from  a  National  Bureau  of  Standards  Compilation  (22)  gives  0.65p  emittance 
values  for  several  of  the  platinum  group  metals  ancfone  alloy.  The  emittance 
is  given  as  0.30  for  solid  iridium,  although  unfortunately  the  temperature 
of  measurement  is  not  reported.  More  recently  Wright  et  al.  (22)  have 
performed  an  extensive  series  of  measurements  of  the  emittance  of 
solid  iridium  between  1600°F  and  3600°F.  Their  results  indicate  an 
emittance  of  0.30  at  0.65p  in  static  air.  Accordingly,  this  value  was 
employed  to  correct  the  current  optical  temperatures  to  true  temperatures. 
The  present  uncertainty  in  the  emittance  of  the  alloys  under  study  (all 
of  the  alloys  were  assumed  to  have  omittance  a  0.23  at  0,65p)  leads  to 
the  obvious  inconsistency  for  experiment  XXV2I1-13  in  Table  16  whore 
in  the  75Ir25Pt  alloy  was  oxidized  50°F  above  its  melting  point. 


28 


:«r 


REFERENCES 


1.  Kaufman,  L.  andNesor,  H. ,  "Stability  Characterization  of 
Refractory  Materials  under  High  Velocity  Atmospheric  Flight 
Conditions",  AFML-TR-69-84,  Part U- Volume  II  (1969). 

2.  Kaufman,  L.  and  Nesor,  H. ,  "Stability  Characterization  of 
Refractory  Materials  under  High  Velocity  Atmospheric  Flight 
Conditions",  AFML-TR-69-84,  Part II- Volume  I  (1969). 

3.  Clougherty,  E.V.,  Kalish,  D.  and  Peters,  E.T.,  "Research  and 
Development  of  Refractory  Oxidation- Resistant  Diborides",  Progress 
Report  No.  3,  Contract  No.  AF33(6i5)-3671,  May  1967. 

4.  Kaufman,  L. ,  Clougherty,  E.V*  and  Berkowits-Mattuck,  J.B., 

Tr.  AIME  (1967)  239  458. 

5.  Clougherty,  E.V*,  private  communication. 

6.  Perkins,  R. ,  Kaufman,  L.  andNesor,  H. ,  "Stability  Characterisation 
of  Refractory  Materials  under  High  Velocity  Atmospheric  Flight 
Conditions",  AFML-TR-69-84,  Part  III  Volume  II  (1969). 

7.  Kaufman,  L.  andNesor,  H.,  "Stability  Characterisation  of  Re¬ 
fractory  Materials  under  High  Velocity  Atmospheric  Flight  Conditions", 
AFML-TR-69-84,  Part  Ill-Volume  HI. 

8.  Kaufman,  L.  andNesor,  H, ,  "Stability  Characterisation  of  Re¬ 
fractory  Materials  under  High  Velocity  Atmospheric  Flight  Conditions", 
AFML-TR-69-84,  Part  lV-Volume  I. 

9.  Elliot,  R.P. ,  "Constitution  of  Binary  Alloys",  First  Supplement, 
McGraw-Hill  Book  Co, ,  New  York,  N.Y.,  1965,  p.822. 

10.  Perkins,  R.A,  and  Packer,  C.M.,  "Coatings  for  Refractory  Metals  in 
Aerospace  Environments",  AFML-TR-65-351,  September  1965. 

11.  Bartlett,  R.W,  and  Gage,  P.R.,  "Investigation  of  Mechanisms  for 
Oxidation  Protection  and  Failure  of  Intermetallic  Coatings  for  Re¬ 
fractory  Metals",  ASD-TDR-63-753  Part  II,  July,  1964. 

12.  Kaufman,  L,  and  Clougherty,  E.V.,  "Investigation  of  Boride  Compounds 
for  Very  High  Temperature  Applications",  RTD-TDR-63-4096  Part 

HI,  March,  1966. 

13.  Berkowitz-Mattuck,  J.U.,  Kaufman,  L, ,  Clougherty,  E.V.  and  Hopper, 
R. ,  "Oxidation  of  Hf-Ta  Alloys",  (1967)  239  750-753. 


29 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


Berkowitz-Mattuck,  J.B. ,  "Kinetics  of  Oxidation  of  Refractory 
Metals  and  Alloys,  1000  -?,000°C.  ARO-TnR_A2-203  -i.  TT 
March  (1963). 


Gadd.  J.D.,  "Advancement  of  Protective  Coating  Systems  for 
Columbium  and  Tantalum  Alloys" ,  AFML-TR-65-203,  April  1965. 

Kaiser,  W.  and  Breslin,  J. ,  J.  Applied  Physics  (1958)  29  1292. 

Wagner,  C.,  J.  Applied  Physics  (1958)  _29  1295. 

Baron,  J.R. ,  Reference  (J_2)  p.  245. 

JANAF  Thermochemical  Tables,  Dow  Chemical  Co.,  Midland, 
Michigan. 


Harmon,  D.P. ,  '’Iridium  Base  Alloys  and  Their  Behavior  in  the 
Presence  of  Carbon",  AFML-TR-66-290,  October  1966. 


Berkowitz-Mattuck,  J.B.,  J,  Eiectrochem.  Soc.  (1966)  113  908-914. 

Temperature,  Its  Measurement  and  Control  in  Science  and  Industry 
Rheinhold  Publishing  Co.,  New  York,  N.Y.  (1941)  Appendix,  Table 
16,  p.  1313.  See  also  r.R.  Wright  et  al.  "The  Fabrication  of 
Iridium  and  Iridium-Alloy  Coatings  on  Graphite  by  Plasma-Arc 
Deposition  and  Gas-Pressure  Bonding",  AFML-TR-68-6 
Battelle  Memorial  Institute,  Columbus,  Ohio,  (February  1968). 

Temperature  Protective  Coatings  for 
Graphite",  ML-TDR-64- 173  Part  111,  October  1965. 


Krier,  C.A.  andJaffee,  R.I.,  J.  Less  Common  Metals  (1963)  5  411. 
Kuriakose,  A.K.  ,  Kent,  K.  and  Margrave,  J.L.  in  Reference  (23). 
Rexer,  J.  in  Reference  (23). 

Alcock,  C.B.  and  Hooper,  G.W.,  Proc.  Roy.  Soc.  (I960)  A254551, 


30 


Wl»>  «**»o 


B'.  II.IMI.I 


►  SiC(A-ft),  ZrB.  +  SiC  +  C(A-10),RVA(B-5)  and 
ft  Flowing  Air  afo. 9-9.0  ft/sec.  (Times  as  indicated) 


M 


One  Hour  Maximum  Conversion  Depths  for  HfC+C(C-ll)  and  ZrC+C(C-12)  as  a  Function  of 
Temperature  in  Flowing  Air  at  0.9-7.  2  ft/feec. 


T  eraperatare 


Figure  6.  One  Hour  Maximum  Conversion  Depths  for  J’T0992{F-I5}  and  JT0981(F-16)  as  a  Function 
of  Temperature  in  Flowing  Air  at  1.8  ft/sec. 


t#a»*  f«  Brail ii  0«|«  (aiul 


TIM  I -MM)  TIM  IMMMI 


Vi**  iwmmI  Tim  (Mmmi 


Figure  10.  Conversion  Depths  for  JTA(D-13),  KT-SiC(E- 14),  JT0992 
(F-1S)  and  JT0981(F-16)  as  a  Function  of  Time  in  Flowing 
Air  at  1 . 8  ft/sec .  (Small  Furnace), 
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Tim  (mdmmI  Tim  (Mumwl 

Figure  12.  Conversion  Depths  for  HfB2  *(A-2),  ^^(A-S),  HfB2+ 
20%SiC(A-4)  and  H£-Ta-Mo(l-23)  as  a  Function  of  Time 
in  Flowing  Air  at  1.8  ft/sec.  (Large  Furnace). 
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Tim*  (MkMMl  TIM  IKMMMl 

Figure  13.  Conversion  Depths  for  KT-SiC(E-14),  JT0992(F-15) 
JT0981(F-16)  and  JTA(D-13)  as  a  Function  of  Time 
in  Flowing  Air  at  1.8  ft/sec.  (Large  Furnace). 
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Figure  15,  Comparison  of  Small  and  Large  Furnace  Conversion  Depths 

for  JTA(D-13),  KT-SiC(E-14),  JT0992(F-15)  and  JT098l(F-16) 
as  a  Function  of  Time  in  Flowing  Air  at  1,8  ft/ sec. 
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Unetched  4.86  Mils  per  Small  Division 


Figure  16.  Test  1356,  HfB  (A-2)  after  60 

Minutes  in  Flowing  Air  at  3700°F, 
Transverse  Section. 


Figure  17.  Test  1356,  H£B-  .(A-2)  after  60 

Minutes  in  Flowing  Air  at  3700°F, 
Transverse  Section. 


Plate  No.  1-9053 
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Unetched 


4„  86  Mila  per  Small  Division 


Figure  18.  Test  367,  Hfl^,  j(A-6)  after  60  Minutes  in  Flowing 
Air  at  3450°F,  Transverse  Section. 


Figure  19.  Test  367,  HfBg.  ^(A-6)  after  60  Minutes  in  Flowing  Air 
at  3450°F,  Interface  of  Longitudinal  Section, 
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Plate  No 


Unetched  4.86  Mils  per  Small  Division 

Figure  20.  Test  1323,  ZrB~(A~3)  after  60  Minutes 
in  Flowing  Air  at  3300°F,  Longitudinal 
Section, 


Plate  No 


^Etched  with  Glycerine  5HNC>3  3HF  X250 

Figure  21.  Test  1323,  ZrB.(A>3)  after  60  Minutes 
in  Flowing  Air  at  3300°F,  Interface  of 
Longitudinal  Section. 


DEPLETION  DEPTH  (mils) 


TIME  (minutes)  jj 

■M 

Figure  22.  Depletion  Depths  for  HfB ,+20%SiC(A-4)  as  a  ;;  ■{) 

Function  of  Time  in  Flowing  Air  between  '■">$ 

3575°F  and  3795°F.  j 


•  4  ft 


Plate  Kw, 
J-24%? 


Unetched  4.86  Mila  per  Small  Division 

Figure  25.  Vest  367,  HfBj  >(A-6)  after  60  Minutes  in  Flowing 
Air  at  3430°F,  Traneverwe  Suction. 


Plate  No. 
1-2427 


Porosity 


Etched  with  10  Glycerino  X250 

5HNO3  3HF 


Figure  2c.  Test  367,  HfB^  )  (A-6)  after  60  Minutes  in  Flowing 
Air  at  3450°F,  ’interface  of  Longitudinal  Section. 


•Plate  No.  1  -2505 


Unetched  4.86  Mils  per  Small  Division 

Figure  27.  Test  383,  H£B2  +  35%SiC(A-9)  after  60  Minutes  in 
Flowing  Air  at  3560°F,  Longitudinal  Section. 


Plate  No.  1-2510 


Unetched  4.86  Mils  per  Small  Division 

Figure  28.  Test  383,  HfB2  +  35%SiC(A-9)  after  60  Minutes  in 
Flowing  Air  at  3560°F,  Transverse  Section. 
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Figure  31 .  Test  1174,  Boride  Z  (A-5)  after  60  Minutes  in 
Flowing  Air  at  3628°F,  Longitudinal  Section. 


Figure  32.  Test  1174,  Boride  Z(A-5)  after  60  Minutes  in 

Flowing  Air  at  3628°F,  Interface  of  Transverse 
Section. 
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Plate  No.  1  -2843 


Un  etched 


4.86  Mils  per  Small  Division 


Figure  33.  Test  437.  ZrB2  +  20%SiC(A-8)  after  60  Minutes  in 
Flowing  Air  at  354G°F,  Transverse  Section. 
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Plate  No.  1-2842 


Etched  with  10  Glycerine  5HNO3  3HF  XI 00 

Figure  34.  Test  437,  ZrB2  +  20%SiC(A-8)  after  60  Minutes  in 
Flowing  Air  at  3540°F,  Interfaces  of  Transverse 
Section. 


Unetched 


4.86  Mils  per  Small  Division 


Figure  35.  Test  1134,  ZrB2  +  14%SiC  +  30%C(A-10)  after 
60  Minutes  in  Flowing  Air  at  3427°F,  Longi¬ 
tudinal  Section. 


Plate  No.  1-7027 


Unetched  4.86  MilB  per  Small  Division 

Figure  36.  Test  1134,  ZrB2  +  14%SiC  +  30%C(A-10)  after 

60  Minutes  in  Flowing  Air  at  3427°F,  Transverse 
Section. 


Plate  No, 
1-1582 


Figure  37.  RVA  Graphite  (B-5),  OX-198  (10  Min.  at  Z813°F) 
Longitudinal  Section.  Recession  105  Mils. 


Plate  No. 
1-1584 


Unetc  .ied  1. 97  Mils  Per  Unit  -X20 

Fig  re  38.  RVA  Graphite  (B-5)  OX-198  (10  Miruat  2813°F) 


Transverse  Section.  Recession  137  Mils. 
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Plate  No. 
1-1592 


Plate  No. 
1-1594 


Figure  39.  Pyrolytic  Graphite  (B-6),  OX-2QO  (10  Min.  at 

2876°F)  Longitudinal  Section.  Recession  19  Mils. 


V- 


Unetched  4. 86 Mils  Per  Unit  -XI 1 

Figure  40.  Pyrolytic  Graphite  (B-6),  OX-200  (10  Min.  at  2876°F) 
Transverse  Section.  Recession  27  Mils. 
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Plate  No. 
1-1622 
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Unetched  4.  86  Mils  Per  Unit  — X8 

Figure  41.  Boron  Pyrolytic  Graphite  (B-7)  OX-207  (10  Min. 

at  2804°F)  Longitudinal  Section.  Recession  19  Mile. 


Plate  No. 
1-1624 


Unetched  4,  86  Mils  Per  Unit  -XU 

Figure  42.  Boron  Pyro.lytic  Graphite  (B-7)  OX-207  (10  Min. 

at  2804°F)  Transverse  Section.  Recession  36  Mils. 
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Unetched  4.86  Mils  per  Small  Division 

Figure  43.  Teat  1099,  PT0178(B-9)  after  5  Minutes  in  Flowing 
Air  at  3402°F,  Transverse  Section. 


Unetched  "  '  X250 


Plate  No. 


Figure  44.  Test  1099,  PT0l78(B-9)  after  5  Minutes  in  Flowing 
Air  at  3402°F,  Interface  of  Longitudinal  Section. 
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Plate  No.  1-6745 
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Unetched 


4.86  Mils  per  Small  Division 


Figure  45,  Test  1074,  AXF-5Q  Poco  Graphite  (B-10)  after  10 
Minutes  in  Flowing  Air  at  3835°F,  Longitudinal 
Section. 


Unetched  X250 


Plate  No.  1-6746 


Figure  46 .  Test  1074,  AXF-5Q  Poco  Graphite  (B-10)  after  10 
Minutes  in  Flowing  Air  at  3835°F.  Interface  of 
Longitudinal  Section. 


61 


Figure  47.  Microstructural  Characteristics  of  A&F-5Q  F' u t: >j 
Graphite  (B-10).  1.  5%  Parlodion  Replica  ah 

with  Chromium  at  60 cl  Angle. 


Plate  No.  3t»l  iD 


Unetche  d  X  A  f .  ».■  x* 

Figure  48.  Microstructural.  Characto t  o{  aXF-Vj  ►  Vico 
Graphite  (B-10)  ■  l.5^hi  Replica  SWad-wM1 

with  Chromium  at  60 
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PUt 0  No.  U6361 


Unetched  4.86  Mils  per  Small  Division 


Figure  49.  Test  1048,  Sl/RVC(B-8)  after  60  Minutes  In 
Flowing  Axr  at  <d8o6°F,  Longitudinal  Section. 


Unetched  X250 

Figure  50.  Test  1048,  Si/RVC(B-8)  after  61)  Minutes  in 
Flowing  Air  at  <1806°F,  Interface  oi  Longi¬ 
tudinal  Section.  Coating  Did  Nht  Fall, 
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Unetched  4. 86  Mils  per  Small  Division 

Figure  52.  Test  988,  ZrC  +  C(C-12)  after  60  Minutes  in 
Flowing  Air  at  3058°F,  Transverse  Section. 


Unetched 


4.86  Mils  per  Small  Division 


irloiire  53  Test  987,  HfC  +  C(C-ll)  after  60  Minutes 
®  "  in  Flowing  Air  at  4054°F ,  Longitudinal 

Section. 


Unetched  X250 

Figure  54.  Test  987,  HfC  +  C(C-ll)  after  60  Minutes 
in  Flowing  Air  at  4054°F,  Interface  of 
Longitudinal  Section. 


Unetched  4,86  Mils  per  Small  Division 

Figure  55.  Test  1031,  ZrC  +  C(C-12)  after  60  Minutes 
in  Flowing  Air  at  3645°F,  Longitudinal 
Section. 


Figure  56,  Teat  1031,  ZrC  +  C(C-12)  after  60  Minutes 
in  Flowing  Air  at  3645°F,  Interface  of 
Longitudinal  Section, 


Unetched 


4.86  Mils  per  Small  Division 


Figure  57.  Test  1090,  JTA(D- 13)  after  60  Minutes 
in  Flowing  Air  at  3350°F,  Longitudinal 
Section. 


Unetched  X250 


Plate  No.  1-6808 


Figure  58.  Test  1090,  JTA(D-13)  after  60  Minutes 
in  Flowing  Air  at  3350°F,  Interface  of 
Longitudinal  Section. 
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Unetched  4.86  Mils  per  Small  Division 


Figure  59.  Test  1378,  JT0992(F-15)  after  60 
Minutes  in  Flowing  Air  at  3450°F, 
Transverse  Section 


Plate  No.  1-8947 


Figure  60.  Test  1378,  JT0992(F-15)  after  60 
Minutes  in  Flowing  Air  at  3450°F, 
Interface  of  Transverse  Section, 


Plate  No.  1-8948 
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Unetched  4. 86  Mils  Per  Small  Division 


Plate  No.  1-4389 


Figure  61.  Test  734*  JT0981(F-16)  after  60  Minutes 
in  Flowing  Air  at  3668°F,  Longitudinal 
Section. 


Plate  No.  1-4390 


Unetched 


X250 


Figure  62.  Test  734,  JT0981(F-l6)  after  60  Minutes 
in  Flowing  Air  at  3668°F,  Interface  of 
Longitudinal  Section. 
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Unetched  4.86  Mils  per  Small  Division 

Figure  63.  Test  1177,  KT-SiC(E-14)  after  60 
Minutes  in  Flowing  Air  at  337 1°F, 
Transverse  Section. 


Plate  No.  1-7332 
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Etched  Electrolytically  with  5*7oKOH  Solution  X250 


Figure  64.  Test  1177,  KT-SiC(E- 14)  after  60 
Minutes  in  Flowing  Air  at  3371°F, 
Interface  of  Transverse  Section. 
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Plate- 1-3 157 
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Etched  with  Murakamis'  Reagent 


Approximately  X10 


Figure  65.  Test  478,  WS^/W  (G-18)  after  60  Minutes  in  Flowing  Air  at 
3325°F.  Transverse  Section,  4,36.Mils  / Unit, 
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Figure  66,  Test  478,  WSi^/W  (G-18)  after  60  Minutes  in  Flowing  Air  at 

3225°F.  Transverse  Section,  WgSio  Zone  Width  Equals  5.0  Mils. 
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Plate  1-3191 


Etched  with  Murakamis'  Reagent 


Approximately  X8 


Figure  68.  Test  485,  WSi2/W(G-l8)  after  60  Minutes  in  Flowing 
Air  at  3532°F.  Longitudinal  Section,  4.86  Mils /Unit, 
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Etched  with  Murakamis' Reagent  250X 

Figure  69.  Test  485,  WSi2/W  (G-18)  after  60  Minutes  in  Flowing 
Air  at  3532°F,  Longitudinal  Section. 
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Etched  with  30  cc  Lactic  Acid,  10  cc  HN03,5cc  HF  X250 

Figure  70.  Test  390  (left)  and  Test  400,  Sn-AJ/Ta-lOW  after  One 
Hour  Exposures  in  Flowing  Air  at  2624°F  and  3092°F. 
Interface  of  Longitudinal  Section. 
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Figure  71,  Test  400,  Sn»Af/Ta«10W  after  One  Hour  Exposure  in  Flowing 

Air  at  3092°F.  Transverse  Section,  Original  Diameter  SI 6  Mils, 
Final  Diameter  506  Mils,  4.86  Mils/Unit. 
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Figure  72.  Test  439,  Sn-AJ/Ta-10W(G-19)  after  One  Hour  In  Flowing 

Air  at  3173  F.  Longitudinal  Section  Initial  Length  522  Mils, 
Final  Length  342  Mils,  4,86  Mils/ Unit, 
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Figure  73,  Test  439,  Sn-AZ/Ta-10W(G-19),  after  One  Hour  in  Flowing 
Air  at  3173®F .  Longitudinal  Section,  Interface  Showing 
Oxide  and  Ta-lOW  after  Coating  Failure. 


Unetched  4. 86  Mils  Per  Small  Division 


Plate  No.  1-6341 


Figure  74.  Teat  1038,  Si02  4  68.5%W{H-22)  after  60  Minutes 
in  Flowing  Air  at  3691°F,  Longitudinal  Section. 
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Figure  75.  Test  1038,  SiOz  4  68. 5%W(H-22)  after  60  Minutes 
in  Flowing  Air  at  3691°F,  Interface  of  Longitudinal 
Section. 
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Plate  No.  1-6346 


Unetched  4.  86  Mils  per  Small  Division 

Figure  76.  Teat  1042,  SiO,  +  60%W(H-23)  after  60  Minutes 
in  Flowing  Air  at  3819°F,  Longitudinal  Section. 
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Figure  77.  Test  1042,  Si02  +  60%W(H-23)  after  60  Minutes 

in  Flowing  Air  at  3819°F,  Interface  of  Longitudinal 
Section. 
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Figure  80.  Test  1007,  H£-20Ta-2Mo(I-23)  after 
30  Minutes  in  Flowing  Air  at  3400°F, 
Longitudinal  Section. 


Etched  with  15  Glycerine  5HNC>3  HC1  3HF  X250 

Figure  81.  Test  1007,  Hf-20Ta-2Mo(I-23)  after 
30  Minutes  in  Flowing  Air  at  3400°F, 
Interface  of  Longitudinal  Section,  Sub- 
o::ide  at  Top,  Tantalum  Stringers  are 
Light  Phase. 
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Figure  84,  Two  Hour  Protection  limits  For  The  Candidate  Materials, 
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Unetched  X500 

Figure  85.  Inert  Test  No.  1200,  JTA(D-13)  After  60  Minutes  in  Flowing 
Argon  at  4200°  F,  Longitudinal  Section. 
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Figure  86.  Inert  Test  No.  1202,  JTA(D-13)  After  60  Minutes  in  Flowing 
Argon  at  4176°F,  Longitudinal  Section. 
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Figure  87.  Oxidation  of  JTA  <C-ZrB2-SiC)  (D-13)  Composite  as  a  Function  of 
Time  at  2900° F,  Showing  Correction  Du*  to  Surface  Area  Changes. 
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10°  mole* 


Figure  90,  Oxidation  of  JT0992  (C-HfC-SiC)  (F-15)  Composite  as  a 
Function  of  Time  at  3470°F  and  3550°F. 
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Oxygen  Consumed  as  a  Function  of  Tims  for  WSi2/W  (G-16)  at  a.  Oxygen  Partial 
Pressure  at  10.7  Torr. 


Figure  97.  Macrophotograph  of  WS12/W(G~18)  Coated  Sample* 
Exposed  at  a  Partial  Pressure  of  10  Tovr  0?  at 
3070(#37),  3180(#38),  3250(#41),  3380{#42)  and  3460  °F 
(#43),  Respectively  for  One  Hour. 


Plate  No.  1-5404 


Etched  with  Murakami1  s  Reagent  X200 


Figure  98.  Coating  on  WS^/WfC-lS)  Test  XXDC-42  after  One 
Hour  at  3380  in  10  Torr  0?.  Width  of  WKSia 
Zone  is  3.55  Mils.  6  5 
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Plate  No,  1-6886 


Figure  99.  Macrophotograph  of  WSi2/W(G-18)  Coated  Samples 
Exposed  at  a  Partial  Pressure  of  149  Torr  at  3460 
(#53),  3S60{#54),  3560(#56)  and  3500°F(#57),  Re¬ 
spectively  for  One  Hour. 


Etched  with  Murakami's  Reagent  X250 

Figure  100.  Coating  on  WSL/W(C-18)  Test  XX1X-48  after 
One  Hour  at  3  370°F  at  149  Torr  Oz.  Width  of 
W5Si3  Zone  is  3.55  MUb. 
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♦Flow  rate  =0.1  ft/ sec. 

+Based  on  emittance  =0.30  at  X.  =  0.  65n. 


TABLE  17 


SUMMARY  OF  DIMENSIONAL  CHANGES  FOR  IRIDIUM  BASE  ALLOYS 


(0.  53 

atm  - 

0.  47  atm  He, 

flow  rate  = 

0.  2  ft/ sec) 

Initial 
Alloy  Height 

Test  No.  Diam, 

T 

<  =0.30  at 
0. 65u 

Exposure 

Time 

Final 

Height 

Diameter 

ij{ 

Calculated 
Rate  of 
Oxidation 

$ 

Observed 
Rate  of 
Oxidation 

(mils) 

°F 

(min) 

(mils) 

(mils/hr) 

(mils/hr) 

75Ir  25Pt  95.8 
XXVM-13  221. 7 

3860 

60 

86 

5.  5 

4.8 

75Ir25Rh  92.8 
3?XVTnT5  248 

3860 

57 

79 

233 

3.2 

6.9 

7.5 

90IrlORe  105.6 
tfXVlII-17  224 

3860 

19 

_!L 

212 

5.4 

23 

19 

75Irl2.5Rh 

12.5  Re  107.8 

XxVlII-20  230 

3860 

24 

JL 

218 

6.8 

15 

75Irl2.5 

Os  12,  5Pt  95.  1 
XXVffi-24 

3860 

32 

87 

13.4 

12.4 

75Irl2.5 

Os  12.  5Pt  81.8 
XXVTIP26  217.5 

3860 

30 

_75__ 

6.  2 

6.8 

Based  on  oxygen  pickup. 

Based  on  initial  and  final  dimensions. 
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TABLE  18 


COMPARISON  OF  IRIDIUM  OXIDATION  RESULTS 


T 

P°2 

Flow 

Rate 

Recession 
,  Rate 

Reference 

atm 

ft/  sec 

mils/hr 

3450 

0.  53 

400.00 

51.00 

Cricione  et.  al,  (23) 

3970 

0.53 

0.20 

7.20 

Present  Investigation 

4040 

0.20 

0.03 

0.28 

Krier  and  Jaffee  (24) 

4040 

0.02 

0.25 

1.20 

Kuriakose,  Kent  and 
Margrave  (25) 

4040 

0.20 

1.71 

15.00 

Kuriakose,  Kent  and 
Margrave  (25) 

4040 

0.19 

200.00 

22.00 

Rexer  (ft 6) 

4040 

0.93 

416.75 

240.00 

Rexer  (26) 

4050 

0.53 

equilibrium 

510.00 

Alcoek  and  Hooper  (27) 

4030 

0.53 

0.10 

6.5  +  0.5 

Present  Investigation 
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TABLE  19 

SPECTRAL  EMITTANCE  OF  PLATINUM  GROUP  METALS  (22) 

(BARE  SURFACE) 


at  X.  =0.  65m 


Element 

Solid 

Liquid 

Iridium 

0.30 

■■««««• 

Palladium 

0.33 

0.37 

Platinum 

0.30 

0.38 

Rhodium 

0.24 

0.30 

90  Pt-lORh 

0.27 

M  M 
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